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ABSTRACT

As an increasing amount of carbon dioxide (CO2) and other greenhouse gases
pollute the lower atmosphere, and as various chemicals and elements pollute the water
and soil, many search for potential solutions. One possibility is bio-mitigation using
algae. Algae use CO2 and common polluting nutrients like nitrogen and phosphorus to
grow. The growth, in turn, produces biomass and other byproducts that are converted to
commodities such as biofuels, pharmaceuticals, cosmetics, and food supplements.
Cosmetics and gelatin products are commonly sold, while other chemical products have
bottlenecks in the process that require further research to make it marketable.
The potential bioproducts from algae vary depending on the algal cell
composition. The concentration of nitrogen, carbon, phosphorus, and light affect the
growth and biomass composition, although less is known about the impact of phosphorus.
Scenedesmus quadricauda, the algal species selected for this study, has potential for high
carbohydrate and high protein content. However, gaps in previous studies require further
compositional analysis before accurate conclusions are drawn.
Batch growth of algae in closed reactors and limited diffusion reactors was
analyzed. Trials were completed at four different levels of initial phosphorus
concentration with an adjusted initial pH. Results show that the biomass concentration
was impacted by the initial phosphorus concentration and by the amount of light
received. One study yielded a specific growth rate of 0.0098 hr-1 (R2 = 0.996) in the
reactor with 1 mg/L of phosphorus. The calculated biomass yield was 245.4 mg
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biomass/mg P. The phosphorus content of the cells linearly increased as the initial
phosphorus concentration increased (R2 = 0.99977), while the carbon and nitrogen
content increased in a nonlinear trend. A molar C:N:P ratio of 1266:85.6:1 was estimated
for the lowest initial concentration of 0.05 mg/L P and 33.9:4.03:1 for the highest (7
mg/L P). These results suggest a connection between the initial phosphorus concentration
and the composition of the algal biomass.
Being able to model the growth of algae and the change in concentration
of various nutrients could aid in design and optimization of algal bioreactors for waste
treatment or production. This study modified a previously created model to include
phosphorus and updated it to have more flexible code for user input.
The model for phosphorus utilization allowed MATLAB to predict changes in the
biomass and phosphorus concentrations depending on the initial phosphorus
concentration. The initial values for the model were adjusted to account for phosphates in
the alkalinity measurement. This adjustment improved the accuracy of pH predictions,
but requires further adjustments to the predictions of the biomass, alkalinity, TIC and
carbonate values. The sensitivity analysis showed that within a certain range the halfsaturation constant does not affect the output of the model. An increase of the halfsaturation constant by more than 200% is required to notice a visible difference. The
model still needs adjustments to improve how it models limitation by all nutrient species,
especially the carbonate and phosphorus predictions.
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CHAPTER ONE
INTRODUCTION

BACKGROUND INFORMATION

Changes in Global Levels of Pollution

Following the growth and industrialization of the world’s economies (Tester, et
al., 2012), levels of CO2 in the atmosphere increased from approximately 315 ppm in
1960 to around 400 ppm in 2016 (NOAA, 2016). The rising levels of CO2 alter the
equilibrium of many systems, and causes a subsequent heating of the earth, which in turn
leads to sea level rise. This affects the ocean chemistry and ecosystems, agriculture, the
balance of seasons and terrestrial ecosystems (NASA, 2016), and can increase the
frequency and severity of weather events (Emanuel & Sobel, 2013; U.S. Global Change
Research Program, 2014). Visible decay of ocean ecosystems and the storms that have
marked recent years act as qualitative measures, although scientific evidence of these
changes exists too (NASA, 2016).
As human activity increased, the amount of nutrients released into the nearby
ecosystems increased. Nitrogen and phosphorus are primary concerns because they cause
eutrophication. This buildup of excess nutrients in aquatic systems creates an
environment conducive to the growth of algae (Chislock, et al., 2013).
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Nutrient levels vary from region to region (Smith et al., 2003). Reference data on
the phosphorus levels in Lake Hartwell, Clemson are shown in Table 1.1.
Table 1.1: Total phosphorus concentration [mg/L] in Lake Hartwell in 1973 and
1991.
Sample
Date
Minimum Maximum
Mean
Source
EPA,
1
6/26/1973
0.006
0.110
0.015
1973
2
9/15/1973
0.005
0.130
0.016
3
11/13/1973
0.007
0.046
0.017
Jabour &
4
7/15/1991
0.007
0.081
0.015
Carroll,
5
7/15/1991
0.005
0.050
0.012
1993
6
10/23-24/1991
0.009
0.171
0.030
7
10/23-24/1991
0.008
0.171
0.032
Many research studies focus on ways to reduce the emission of CO2 to the
atmosphere, and others investigate capturing the previously emitted carbon. The methods
for the latter include underground injection, CO2 utilization, and biomass sequestration
(Lackner, 2003). Sayre (2010) states that under optimum conditions algae have an 8099% CO2 capture efficiency. Another research topic is methods for the reduction and
removal of eutrophicating nutrients.
Using microalgae is one method of biological treatment. Photoautotrophic growth
of algae removes CO2, nitrogen, and phosphorus from the environment through the
course of their growth (Pittman, et al., 2011). The added benefit of using algae is the
harvestable biomass, which can be used as a feedstock for various bioproducts (Algae
Biomass Organization). Using algae adds value to the process – it is a treatment method
and a production method.
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SCOPE OF COMPLETED RESEARCH

Project Objectives

The overall goal of this project was to investigate the impacts of different phosphorus
concentrations on algal growth and composition, and aid in furthering knowledge of
carbon sequestration through microalgae. The objectives of this experimental portion of
this research were as follows:
1) Characterize elemental composition change of the green alga Scenedesmus
quadricauda as the phosphorus level in the BG-11 medium is varied
2) Compare impact of limited CO2 diffusion on biomass accumulation by using
either a closed or open reactor or a foam stopper
The second goal of this paper was to add a portion to the model that represents
phosphorus. The objectives of the modeling were as follows:
1) Use existing carbonate model for freshwater algal growth and add a simplistic
model of phosphorus utilization.
2) Evaluate effectiveness of model in prediction of algal biomass and nutrient
concentrations.
3) Improve the model by updating user input code for better flexibility.
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Project summary

This research project will be discussed in four chapters.
1) Chapter One. Introduction: Changes in nutrient levels, including CO2, nitrogen, and
phosphorus are discussed. Biological treatment through phototrophic algae is presented
as a possible solution.
2) Chapter Two. Phosphorus, Algae and Compositional Variations: A Literature Review:
A review of literature regarding phosphorus systems, algae and variations in algal
composition is presented. Phosphorus systems include levels of phosphorus in the
environment, as well as levels in synthetic media and how phosphorus reacts with other
media components. The review of algae presented focuses on their use as biological
treatment and as producers of marketable products, and considers the possible variations
in elemental and biochemical composition of the biomass.
3) Chapter Three. Growth of Freshwater Algae as a Function of Phosphorus Levels: The
results of the laboratory investigations are presented and discussed. The impact of
phosphorus and light levels on biomass production was investigated. The elemental
composition and the protein content of the algal biomass were calculated and compared
to results from previous studies.
4) Chapter Four. Modeling of Freshwater Algal Growth: A previous model of algal
growth was modified to include phosphorus. The code was adjusted to make it more userfriendly. The alterations to the original model and the results of the modeling are
discussed.
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5) Chapter Five. Remarks & Recommendations: Based on this investigation, potential
research areas for future studies are suggested.
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CHAPTER TWO
PHOSPHORUS, ALGAE, AND COMPOSITIONAL VARIATIONS: A
LITERATURE REVIEW

ABSTRACT

Levels of atmospheric carbon dioxide and other greenhouse gases rose over the
past 56 years, contributing to global climate change (Tester, et al., 2012; NASA, 2016;
NOAA, 2016). Levels of nutrients such as nitrogen and phosphorus were also affected
(Chislock, et al., 2013). There are methods for treatment of rising levels of pollution in
the air, water, and soil, some of which are still under development.
The goal of this literature review is to present information on phosphorus and to
introduce algae as a treatment method and as a feedstock. It also examines variations in
elemental and biochemical algal composition. The review also covers how the
environmental conditions, especially in regards to phosphorus, affect the algae.

INTRODUCTION

Through the increased use of technology and chemicals, the levels of atmospheric
carbon dioxide and other greenhouse gases rose, contributing to global climate change
(Tester, et al., 2012; NASA, 2016; NOAA, 2016). However, anthropogenic sources also
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impacted other nutrient cycles, especially nitrogen and phosphorus (Chislock, et al.,
2013).
Fertilizers, runoff, and other waste streams release nitrogen and phosphorus into
water reservoirs. As limiting nutrients, they cause eutrophication in water sources. This
buildup of excess nutrients in aquatic systems, besides polluting the water source, creates
an environment conducive to the growth of algae (Chislock, et al., 2013). Normally, algal
blooms due to eutrophication lead to anoxic conditions, destroying or dramatically
altering the ecosystem. However, if grown in a controlled environment, algae remove the
excess nutrients from the water stream and CO2 from the air. The cells are harvested for
use as a value-added product.
The goal of this literature review is to give an overview of algae, their use, and the
way phosphorus interacts with the surrounding system. The objectives are to: (1) outline
trends of phosphorus in the environment; (2) describe algae as a treatment method and a
feedstock for bioproducts; (3) compile past instances of algal variations in biochemical
and elemental composition; and (4) outline possible interactions between phosphorus and
other compounds in the media.
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LITERATURE REVIEW

Changes in Global Levels of Pollution

Levels of CO2 in the atmosphere increased from approximately 315 ppm in 1960
to around 400 ppm in 2016 (NOAA, 2016). This phenomenon follows a pattern set by the
growth and industrialization of the world’s economies (Tester et al., 2012). Rising levels
of CO2 alter the equilibrium of many systems. The subsequent heating of the earth, which
in turn led to sea level rise, is one example. The surface temperature of the earth rose by
roughly 0.85 (0.65 - 1.06) °C from 1880 - 2012, and the global mean sea level rise was
estimated at 0.19 (0.17 - 0.21) m from 1901 - 2010 (Stocker et al., 2013). This affects the
ocean, agriculture, the balance of seasons and ecosystems (NASA, 2016), and can
increase frequency and severity of weather events (Emanuel & Sobel, 2013; U.S. Global
Change Research Program, 2014). Evidence of these changes is available quantitatively,
and the decay of coral reefs and the destructive storms that have marked recent years
provide qualitative indicators (NASA, 2016).
As human activity increased, the amount of nutrients released into the nearby
ecosystems increased. The primary concern is with nitrogen and phosphorus, which cause
eutrophication (Chislock, et al., 2013). Bricker et al. (1999) report that, as of 1999, 67%
of estuarine surface area exhibits moderate to high symptoms of eutrophication. This
buildup of excess nutrients in aquatic systems, besides polluting the water source, creates
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an environment conducive to the growth of algae (Bricker et al., 1999; Chislock, et al.,
2013).
It is predicted that as the climate changes and temperatures rise, the equilibrium of
various parameters in the water-soil systems will shift. This includes nutrient levels such
as phosphorus and nitrogen and general parameters like temperature and dissolved
oxygen. Specifically, high temperatures will increase mineralization and thereby release
phosphorus, nitrogen, and carbon from soil organic matter (Zwolsman & van Bokhoven,
2007; Van Vliet & Zwolsman, 2008). Higher temperatures and longer stratification
events in polymictic lakes cause low dissolved oxygen conditions and enhance
accumulation of SRP. This increase in SRP concentration increases the risk of
eutrophication of the body of water (Wilhelm & Adrian, 2008).
Since nutrient levels vary by region (Smith et al., 2003), data on the phosphorus
levels in Lake Hartwell, Clemson, are shown in Table 2.1 as a reference. Samples were
taken from various locations on Lake Hartwell. A few were located near to wastewater
treatment plant discharge sites.
Table 2.1: Total phosphorus concentration [mg/L] in Lake Hartwell in 1973 and 1991.
Sample
Date
Minimum Maximum
Mean
Source
EPA,
1
6/26/1973
0.006
0.110
0.015
1973
2
9/15/1973
0.005
0.130
0.016
3
11/13/1973
0.007
0.046
0.017
Jabour &
4
7/15/1991
0.007
0.081
0.015
Carroll,
5
7/15/1991
0.005
0.050
0.012
1993
6
10/23-24/1991
0.009
0.171
0.030
7
10/23-24/1991
0.008
0.171
0.032
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Many research studies investigate ways to reduce the emission of CO2 to the
atmosphere, and others focus on capturing the carbon that was emitted. Carbon
sequestration takes on many forms and methods including underground injection, CO2
utilization, and biomass sequestration (Lackner, 2003). One recent development is
conversion of CO2 into a building material that would replace cement. This new process
sequesters carbon and lessens emissions by reducing the amount of cement produced
(Foulsham, 2016). Another finding was an electrode that allowed conversion of CO2 to
ethanol at room temperature (Song et al., 2016).
In regards to biological sequestration, Sayre (2010) states that under optimum
conditions, algae have an 80-99% capture efficiency of CO2. Another research topic is
development and refinement of methods for reduction and removal of eutrophicating
nutrients.

Algae as a Biological Treatment

Algae are commonly identified as aquatic nuisances, as they grow in bodies of
water with high levels of eutrophication. This causes many problems. One of the worst is
hypoxia, or a lack of oxygen. Without sufficient oxygen the plants and animals living in
that body of water die. Despite the nuisance and damages algal blooms cause, there are
benefits in their ubiquity. Algae growth remediates water contaminated with excess
nutrients. Cleaning polluted water or wastewater using bacteria and algae is a process that
has many applications. It can clean water from paper mills (Tarlan, et al., 2002), human
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wastes, and agriculture (Abdel-Raouf, et al., 2012), among other examples. Certain types
of algae utilize CO2 as a carbon source, thereby sequestering carbon as they grow.
Past studies show this growth to be effective in removing excess nutrients.
Pittman, et al. (2011) shows that the Chlorella and Scenedesmus species can provide up
to 80% or greater removal of nitrogen and phosphorus from wastewater. Wang et al.
(2010) found that Chlorella removed 74.7 - 82.4% of NH3-N, and 62.5% of NO3-N. The
same study yielded PO4-P removal of 83.2 – 90.6% (Wang et al., 2010). Zhu et al. (2013)
reports an overall nitrogen removal of 70.88 - 81.03% and an overall phosphorus removal
of 98.7 - 100%. Ruiz-Marin et al. (2010) stated a NH4-N removal ranging from 60.1 to
80.0% for Chlorella vulgaris and from 95.4 to 100% for Scenedesmus obliquus.
There are power plants that have collaborated with research groups or pilot scale
algae companies. In these systems, the algae use the CO2, which reduces the amount
emitted. This works based on the idea of a carbon neutral cycle: using all of the CO2
produced by another part of the cycle means that the overall system does not release any
CO2 to the atmosphere. The partnerships between PhyCO2 and Michigan State University
(PhyCO2, 2015) and Algae Tec Ltd. and the Bayswater Power Station in Australia
(Dorminey, 2013) showcase this idea. Watson (2009), using a predictive MATLAB
model based on collected data, estimated that an 8.14*103 m3 volume algae pond would
be able to pull the equivalent to Clemson University’s 2008 carbon emissions from the
air. Sayre (2010) states that algae under optimal conditions have an 80-99% CO2 capture
efficiency. The same study estimated that for a typical 200 MWh natural gas plant, a
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3600-acre algal pond would capture 80% of the emissions. For a coal-burning plant, it
would require a 7000-acre pond to capture 80% of the emissions (Sayre, 2010).

Products from Algae

Beyond the use of algal growth as a remediation method, the algal biomass is a
biological feedstock. Use of this biomass produces various commodities in a more
sustainable way. This includes products derived from biologically produced chemicals,
such as biofuels, food additives, and biopharmaceuticals (Algae Biomass Organization),
and nonchemical products, like slow release fertilizers (Mulbry, et al., 2005) and paper
(Seo, et al., 2010). Table 2.2 lists common uses for algae outside of biofuels.
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Table 2.2: The current state of microalga production (reproduced from Milledge, 2011;
source: Spolaore et al., 2006).
Applications and
Alga
Annual Production
Producer Country
Products
Human & animal
China, India, USA,
nutrition,
Spirulina
3,000 t dry wt.
Myanmar, Japan
phycobiliproteins,
cosmetics
Human nutrition,
Taiwan, Germany,
Chlorella
2,000 t dry wt.
aquaculture,
Japan
cosmetics
Human nutrition,
Australia, Israel,
Dunaliella
1,200 t dry wt.
cosmetics, βUSA, China
carotene
Aphanizomenon
500 t dry wt.
USA
Human nutrition
Haematococcus

300 t dry wt.

USA, India, Israel

Crypthecodinium

240 t dry wt.

USA

Aquaculture,
Astaxanthin
DHA oil

Schizochytrium

10 t dry wt.

USA

DHA oil

Aside from the lipid and carbohydrate content, the protein portion of the algal
cells is valuable as a product. Food and health applications require proteins. For example,
algae are used in supplements for omega-3-fatty acids (DHA pills, similar to fish oil
pills), cosmetics, and certain foods, such as sushi and gelatin products (Oilgae, 2016).
Algal food supplements are also used as animal feed due to their high nutrient content.
While protein supplements are commonly made from soy, beans, and quinoa, algae are
another alternative feedstock (Rack, 2015). Certain types of algae, such as Chlorella and
Spirulina (Rack, 2015; Global Food Forums, 2016), have protein contents from 50-60%
(Rack, 2015). While the earlier forms of the protein powder were more crude, recent
algal powders for health supplements are palatable, high protein, and very stable when
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stored (Schultz, 2013). Other products are possible using chemical pathways. For
example, deamination of protein hydrolysates produces C4 and C6 alcohols. These
alcohols, in turn, can be converted into fuel (Huo et al., 2011).
Basic studies were done to investigate the costs and efficiency of extracting
protein. Sari et al. (2016) states that de-oiling the algae before extracting the proteins
increased the extraction yields and that alkaline conditions increase the amount of protein
extracted. Use of an enzyme increased yields from 80 to 90% for soybean and from 1530% to 50-80% for rapeseed and microalgae. The main obstacles are the high costs of
water and energy and the extraction efficiency (Sari et al., 2016).

Species of Interest - Scenedesmus quadricauda

This research used the species Scenedesmus quadricauda for testing. S.
quadricauda is a green alga of the division Chlorophyta commonly found in freshwater.
The Scenedesmus genus is one of the most common freshwater genera, and most species
are found across the world (Lürling, 1999). S. quadricauda is a native species to
Clemson, South Carolina. Along with the Chlorella species, the Scenedesmus species
have the most preferable characteristics for an efficient combination of CO2 fixation,
nutrient removal for wastewater treatment, and lipid synthesis (Hakalin et al., 2014).
Scenedesmus is a genus divided into the subgenera of Scenedesmus,
Desmodesmus, and Acutodesmus (Hegewald, 1997). In regards to the subgenera
Scenedesmus and Desmodesmus, the differences are not easily visible and usually require
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detection through rDNA sequencing (Kessler et al., 1997; Van Hannen et al., 2002;
Johnson et al., 2007). The phylogenetic separation between Scenedesmus and
Acutodesmus species was labeled negligible (Kessler et al., 1997). Morphological
indicators defining Desmodesmus from Scenedesmus include warts, tubes, and rosettes on
the cell surface (Hegewald, 1997; Gorelova et al., 2015). Given this similarity, values for
the biochemical composition of Desmodesmus are included with the values for
Scenedesmus to better display the possible range.
The biochemical composition of algae varies depending on the species and
growth conditions. Various experiments regarding CO2 fixation and nutrient removal
used S. quadricauda, but not many quantify the biochemical content aside from lipids.
For protein content, many resources cite S. quadricauda as being 47% protein and 1.9%
lipids (Al hattab & Ghaly, 2015), but this investigation could not find the original study
that stated those results. Thus, many studies are citing the protein content from unverified
data. Rhee et al. (1978), while studying Scenedesmus, noted that under P limiting
conditions, most excess nitrogen accumulated in the protein fraction. Table 2.3
summarizes known information, including various other Scenedesmus species.
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Table 2.3: Biochemical composition of various species in the Scenedesmus genus, taken
as a proportion.
[a][b]
Species
Phase
Protein
Carbohydrate
Lipid[c]
Reference[d]
Desmodesmus communis
Desmodesmus sp. C046

9.5-39.2
28.5-30.7

23.7-65.0
9.9-16.4

1.4-9.3
5.8-7.8

Samori, 2012
Knoshaug et al.,
2016

Scenedesmus sp.
Scenedesmus obliquus

32-44
50-56

35-48
10-17

12-14

Tibbetts et al., 2015
Becker, 2007

Scenedesmus quadricauda
Scenedesmus dimorphus

47
8-18

21-52

1.9
16-40

Al hattab and
Ghaly, 2015

Scenedesmus quadricauda

47.2-54.1

10.40

0.90-2.4

Hindák and Přibil,
1968

Scenedesmus falcatus

3.37-7.83

2.73-6.83

6.41-9.60

Latent
Exponential

5
3.5

4
3.5

Stationary

7
25.40-45.05

7
20.95-29.21

Latent
Exponential
Stationary

37
45
39

21
29
27

Latent

4.38-9.55
6

3.67-24.76
4.5

5
10
3.45-11.21

24
6
2.51-12.95

3.5
5

3
4

Scenedesmus protuberans

Scenedesmus quadricauda
Exponential
Stationary
Scenedesmus sp.
Latent
Exponential

17.53-29.30

6.91-10.60

Abdelkhalek et al.,
2016

12.88-22.56

Stationary
11
15
Phase information is given if available, otherwise the values reflect the species overall
[b]
Note that the values for the different phases are approximations based on charts
[c]
Samori measured TFA and Knoshaug measured FAME lipid
[d]
Data from all sources are in % DW
[a]

17

Abdelkhalek et al. (2016) shows a difference in proportions of each biochemical
at different growth phases. For each Scenedesmus species listed, each biochemical
compound has a maximum value in one phase. For example, S. quadricauda has a
maximum amount of carbohydrates (24%) during the exponential phase (Abdelkhalek et
al., 2016). As noted in Al hattab and Ghaly (2015), under certain conditions S.
quadricauda can accumulate protein as 47% of the cell, but a previously stated, the
conditions in which this occurred are unknown. Hindák and Přibil (1968) found a protein
content between 47.2-54.1% (although it is noted for the latter that N = 6.25 was used).
These facts show potential for two different paths of bioproducts. However, only two sets
of data reported a protein content in that range. As such, a compositional analysis of the
protein in the biomass grown during this research will form a clearer picture of the
protein content.
It is possible that part of the discrepancy in the biochemical composition is due to
media composition. Table 2.4 below lists the media C:N:P ratios.

Table 2.4: Elemental ratios of media used in various studies.
Study/Media
Molar C:N:P Ratio
Abdelkhalek et al., 2016
8.7 : 0.5 : 1
Tibbetts et al., 2015
3.25 : 25 : 1
Hindák & Přibil, 1968[a]
12.2 : 12.7 : 1
BG-11 media[b]
0.82 : 76.8 : 1
[c]
Modified BG-11 media
8.2 : 76.8 : 1
[a] This media is a “modified nutrient 2 solution”, the recipe of which was found in
Bjorkman et al., 1955.
[b] Watanabe, 2005.
[c] 0.2 mg/L Na2CO3 was used instead of the original 0.02 mg/L Na2CO3.
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Figure 2.1 shows the amino acid profile for Scenedesmus sp. as compared to other
alga. This is for the species in general because there is not one available for Scenedesmus
quadricauda.

Figure 2.1: Amino acid profiles of various algae: (A) typical amino acid profile
for Scenedesmus sp., Chlorella sp., Phaeodactylum sp. and Nannochloropsis sp. All data
are shown as % contribution to total amino acid content. (From Templeton & Laurens,
2015.)

Variations in Algal Composition

One recent study by Watson et al. (2016) investigates the use of algae for carbon
sequestration. The study focuses on how the algal species utilized inorganic carbon. It
was observed that the elemental composition (C:N:P ratio) was a magnitude smaller than
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the Redfield ratio for algae. In 1958, Alfred Redfield developed this ratio for marine
algae (Redfield, 1958). This ratio states that algae have a molecular formula of
C106H263O11N16P or a C:N:P ratio of 106:16:1. Watson et al.’s work showed that as the
initial TIC concentration increased, the carbon content of the cells increased linearly.
There was no linear relation between the percentage content of phosphorus and the total
inorganic carbon. There did appear to be a correlation between the two. Watson et al.’s
work yielded C:N:P ratios as shown below in Table 2.5.

Table 2.5: C:N:P ratios in the biomass for closed reactors from Watson et al., 2016.
Initial TIC Concentration
[mg/L]

Molar C:N:P ratio

14

6.16:1.01:1

20

6.18:0.97:1

26

7.67:1.25:1

32

10.16:1.52:1

Modified BG-11 Media

8.22:76.84:1

Due to a higher amount of phosphorus in the cells, the cellular C:P ratio is less
than the media C:P ratio. This shows that in the closed reactors the phosphorus in the
media limits the amount of carbon taken up more so than the carbon in the media does. In
the open reactors (Table 2.6), this was not the case, as there was a steady influx of carbon
entering through CO2 diffusion.
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Table 2.6: C:N:P ratios in the biomass for open reactors from Watson, 2009.
Initial TIC Concentration
[mg/L]

Molar C:N:P ratio

14

35.81:4.53:1

20

45.09:5.26:1

26

45.35:5.10:1

32

44.65:6.04:1

Modified BG-11 Media

8.22:76.84:1

Elemental ratios in algae that differ from Redfield’s are common, as seen in the
sources that follow. Redfield (1958) originally defined the ratio as an average value as
opposed to a standard for algae. This is due to naturally occurring variations and the fact
that marine algae live in conditions that may not be found everywhere. Knoshaug, et al.
worked with a Desmodesmus species that yielded a C:N:P ratio of 49.7:7.4:1 (2016).
Klausmeier et al. (2004) analyzed the structural N:P ratio of 29 different species, finding
a range of 7.1 to 43.3, with a median of 17.7. Bertilsson et al. (2003) evaluated the
difference between nutrient replete and P-limited cultures, finding a C:P ratio of 121-165
and N:P ratio of 21-33 for replete conditions and C:P = 464-779 and N:P = 59-109 for Plimited conditions. This yields a C:N:P ratio of 121-165:21-33:1 (replete) and 464779:59-109:1 (P-limited). The same study noted that the cellular C quota was higher in Plimited than replete conditions (Bertilsson et al., 2003). Heldal et al. (2003) found C:N:P
ratios of 143-214:15-24:1 and 65-293:7-36:1 for Prochlorococcus and Synechococcus
respectively. Thus, although deviation from the Redfield ratio is not a novel
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phenomenon, Watson’s work implies a correlation between the nutrient levels in the
media and the elemental composition.
There is other evidence that external conditions influence the C:N:P ratio of algae.
Availability of carbon (Klausmeier et al., 2008) and nutrients such as nitrogen and
phosphorus affects the elemental composition of algae (Geider & La Roche, 2002).
Nalewajko et al. (1981) states that low light levels yielded a higher phosphorus content
per cell (7.39*10-9 µg P in cell) and a slower uptake rate of phosphorus (4.30*10-4 min-1)
than the high light level (2.62*10-10 µg P in cell and 3.53*10-2 min-1). Thus, different
levels of light can influence the phosphorus intake and final phosphorus content in cells
(Nalewajko et al., 1981). Sanches et al. (2011) support this, as they observed an increase
in periphyton C:P ratios in P deprived conditions with high light levels, whereas the C:N
in the biomass decreased in N enriched conditions under high light levels. Factors that
had an impact on the phosphorus content included light (p = 0.0001), nitrogen (p =
0.002), phosphorus (p < 0.0001) and the light and phosphorus interactions (p = 0.002)
(Sanches et al., 2011).
Both Rhee et al. (1978) and Goldman et al. (1979) concluded that the cellular N:P
ratio was identical to that of the media. Goldman et al. (1979) also noted that the growth
rate affected the C:N:P ratio under P-limited conditions, and that phosphorus limitation
reduced the variations caused by changing the media N:P ratio. Rhee et al. (1978) noted
that under P-limited conditions, most excess nitrogen accumulated in the protein fraction.
The same study reports that the cell has a constant nitrogen content of 86*10-9 µM cell-1
under N limitation and a constant phosphorus content of 2.9*10-9 µ M cell-1 under P
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limitation, yielding an N:P ratio ranging from 4-142. Hall et al. (2005) disagreed with the
conclusion that the cellular N:P ratio should have a 1:1 relationship with the media N:P
ratio. Of their runs, the set that came closest to a 1:1 ratio was an algae-only culture with
a high supply of nutrients, and even then the ratio was 0.46:1 and 0.37:1 for full light and
shaded, respectively. The same study noted that in natural ecosystems, the N:P ratio of
the cells did not increase past a media TN:TP of roughly 10 µg N/µg P (Hall et al., 2005).
Geider & La Roche (2002) found that the N:P ratio ranged from 5 under Nlimited conditions up to 100 under P-limited conditions. Hillebrand & Sommer (1999)
stated that at the highest growth rates in the study, the C:N ratio ranged around 7.5, and
that N:P < 13 indicates N limitation while N:P > 22 indicates P limitation. They
concluded that for a media with balanced levels of N and P, an optimal ratio would be
C:N:P = 119:17:1 (Hillebrand & Sommer, 1999).
Various environmental conditions can affect the availability of nutrients, thereby
affecting the algal cells. Jin et al. (2006) found that the rate of phosphorus release
decreased as pH increased from 2 to 6, but the rate increased as the pH increased from 8
to 12. The same study states that there was no release of P at a neutral pH (Jin et al.,
2006). Schindler et al. (1990) reports that as the air and lake temperature rose by 2°C,
less water renewal occurred, allowing nutrient concentrations to increase. TDN rose from
roughly 140 to 240 µg/L in 18 years, and the N:P ratio increased from about 25:1 to 50:1
(Schindler et al., 1990). A higher amount of nutrients means eutrophication and algal
growth is more likely (Jin et al., 2006).
Limiting nitrogen sources are often studied in regards to its effects on algal
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species, especially in regards to biofuel production. The effects of nutrient deficiency has
been extensively covered for nitrogen, but less so for phosphorus, although cells can
suffer from P-deficient stress (Chu, et al., 2014). Mandal and Mallick (2009) studied the
effects of varying levels of nitrate, phosphate, and thiosulfate on lipid yield and biomass
growth of Scenedesmus obliquus. The lipid yield did increase under certain phosphorus
deficient conditions, however, the biomass concentration decreased. The levels of
phosphate used were a control (concentration unspecified), 0.1 g/L P, 0.06 g/L P, 0.03
g/L P, and P deficient conditions (concentration unspecified). The biomass concentrations
of all levels are lower than the control, and the deficient condition is the lowest, which
makes logical sense. Interestingly, the biomass concentration of the 0.03 g/L P condition
is actually higher than that of the 0.1 and 0.06 g/L P conditions (Mandal & Mallick,
2009). For easier reference, Table 2.7 compiles the approximate maximum biomass
concentration for each phosphorus concentration.

Table 2.7: Maximum yielded biomass concentration (Mandal & Mallick, 2009).
Phosphate Concentration [g/L]
Control
0.03
0.06
0.1
P-deficient

Maximum Biomass
Concentration [g/L]
1.15
1.1
1
0.95
0.15

Time when maximum was
reached [d]
20
24
27
24
10

Jensen & Sicko-Goad (1976) state that at low concentrations, algae use almost all
of the available phosphorus, dropping from 2.15 to 0.09 mg/L and from 3.30 to 0.33
mg/L in four hours. At higher concentrations the phosphorus is not depleted, but since
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more is available, more will be used, as shown in the drop from 30.16 to 24.65 mg/L in
four hours. The same study correlated phosphatase activity to the amount of available
phosphorus (Jensen & Sicko-Goad, 1976). Bone (1971) reports a 20-fold variation of
alkaline phosphatase activity, with the lowest activity occurring with excess phosphate
cells and the highest activity occurring at 15 mM KNO3. Torriani (1960) found that
formation of alkaline phosphatase occurs in a measurable amount only when phosphorus
is limiting, and then it forms in substantial amounts at a maximum rate. Following an
increase from 1 µmol/mL K2HPO4 to 10 µmol/mL K2HPO4, the enzyme activity
decreased from approximately 75% to 25%. It was suggested that the phosphatase
activity is how algae obtain phosphate from organic sources when the supply of
orthophosphate becomes limiting (Torriani, 1960).
Overall, the C:N:P ratio of algal cells varies depending on nutrient levels (C, N,
and P) and light conditions. Beyond that, it appears that the initial carbon and phosphorus
concentrations may have an effect on the cellular content of the other (Watson et al.,
2016; Bertilsson et al., 2003), and that light plays a significant role in the phosphorus
content of the biomass (Nalewajko, et al., 1981; Sanches et al., 2011).

Protein Analysis

The biochemical composition of biomass can fluctuate based on species and
growth conditions. For protein content, there are discrepancies even at the earliest stages
of analysis. There are many methods for quantification of proteins. One of the simplest is
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the Bradford assay. It is a colorimetric procedure that uses the dye Coomassie Brilliant
Blue G250. The dye undergoes a shift in maximum absorbance (from 465-595 nm) when
it binds to the proteins. The dye binds to arginyl and lysyl residues, not to the entire
proteins, which can skew the results depending on the proteins present in the sample.
Some benefits to the Bradford assay is that it is not susceptible to interference from many
of chemicals that could be present and that within its linear range it can be fairly accurate
(PanReac, 2015). However, the Bradford assay can get interference from substances
found in the cells, such as chlorophyll in plants and green algae (S. Sparace, Biological
Sciences Department, Clemson University, personal communication, 7 October 2016).
The Biuret reaction, on the other hand, is based on analyzing unfolded proteins
and the reagent bonds with a chemical group all proteins possess. When the peptide
bonds between amino acids form, amide groups in the unfolded proteins are exposed.
Four of these form a chelate complex with the copper (II) ions present in the biuret
reagent. This complex absorbs light at 540 nm, displaying a purple color when proteins
are present (Sparace & Moore, 2016). Short chain peptides also react with the copper
ions, but instead of purple, the color ranges from pink to reddish-violet (Hortin &
Meilinger, 2005). The Biuret reaction has an advantage over Bradford because it depends
more on the peptide bonds, which specifically characterize proteins. In addition, the
preparation of samples for Biuret extracts the proteins out of the cells, which allows for
the removal of interfering substances (S. Sparace, 7 October 2016).
There is a large impact on the reliability of these measures depending on the
protein extraction steps. Mainly it depends on how well the proteins are released from the
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cells. Mechanical methods like homogenization can aid in better results as long as the
sample is fully broken down and homogenized. Chemical extractions can lyse the cells
and release the proteins (S. Sparace, 7 October 2016). Sari et al. (2013) states that
alkaline conditions increase the amount of protein extracted. Use of an enzyme increased
yields from 80 to 90% for soybean and from 15-30% to 50-80% for rapeseed and
microalgae. Prior oil removal also increased the extraction yield of the protein fraction
(Sari et al., 2013). Additional extraction steps can remove interferences, such as using
acetone to remove the chlorophyll (S. Sparace, 7 October 2016).
There are protein determination methods that use the amount of nitrogen present.
Elemental nitrogen analysis yields the nitrogen content, and multiplication of that value
by a factor converts it to the amount of protein. The downside of this method is that the
most commonly used factor (6.25) does not always apply well to all types of biomass.
Non-protein nitrogen (NPN) sources such as chlorophyll, nucleic acids, and amino sugars
in algae interfere with the elemental nitrogen analysis. These NPNs can comprise at least
15-30% of the detected nitrogen – therefore the factor of 6.25 would inflate the protein
estimate. Alternate values for the conversion factor were researched. One experiment
yielded values between 4.22 and 4.96 for green algae (Lourenco et al., 2004), while
another states common values for algae as ranging from 3.75-5.72 (López et al., 2010).
Table 2.8 shows the values from Lourenco et al. (2004) and Figure 2.2 displays the
average factors determined by López et al. (2010).
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Table 2.8: Alternate N-factors for algae determined by Lourenco et al. (2004).
Taxonomic groups/Species
Cryptophyceae
Hillea sp.
Cyanobacteria
Synechococcus subsalsus
Diatoms
Phaeodactylum tricornutum
Skeletonema costatum
Thalassiosira oceanica
Dinoflagellates
Amphidinium carterae
Prorocentrum minimum
Eustigmatophyceae
Nannochloropsis oculata
Green algae
Chlorella minutissima
Dunaliella tertiolecta
Tetraselmis gracilis
Prymnesiophyceae
Isochrysis galbana
Mean value

Mean N-factor
4.74
5.43
4.93
4.73
5.40
5.13
4.60
4.98
4.22
4.38
4.96
4.74
4.86

Figure 2.2: Determination of average N-factor for algae by López et al. (2010).
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The values stated by Lourenco et al. are similar to the value of 4.4401 calculated
by López et al. López et al. also included the Scenedesmus species in their estimation.
Therefore, this investigation will consider the value of 4.44 as an alternate N-factor for
algae (2010).
Other analytical methods to determine protein content include copper or dye
binding spectroscopic techniques, UV or IR techniques, and amino acid (AA) analysis
hydrolysis methods (Templeton & Laurens, 2015).
The next step for analysis of the proteins content would be the amino acid profile.
Some analyses used above use the amino acids to determine the protein, and as such
yields a two-fold result. In other cases, protein hydrolysis must occur before analyzing
the amino acids. Hydrolysis of proteins occurs when the proteins denature, whether using
proteases or other thermochemical methods. From there, there are methods used to find
the percent composition for each amino acid. These methods include High Performance
Liquid Chromatography (HPLC) or Gas Chromatography (GC) as the separation
columns, paired with various detectors (Council of Europe, 2005). The most common
method is reverse phase HPLC with derivatized amino acids. The steps for this are
protein hydrolysis into amino acids, derivatization of the amino acids, often with
phenylisothiocyanate, then separation and detection using HPLC and an appropriate
detector (The Protein Facility of the Iowa State University Office of Biotechnol.).
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Background Information on Modified BG-11 Media

Table 2.9 displays the modified BG-11 media used in this project. The original
recipe for BG-11 media requires 0.02 g/L of Na2CO3 (Conwell, 2005).

Table 2.9: Recipe for modified BG-11 media for algal and bacterial growth.
Chemical

Required
Concentration [g/L]
NaNO3
1.5
K2HPO4
0.04
MgSO4-7H2O
0.075
CaCl2-2H2O
0.036
Citric Acid
0.006
Ferric Ammonium Citrate
0.006
EDTA
0.001
Na2CO3
0.2
Trace Metal Mix A5
1 mL[a]
[a]
This is the amount stated on the recipe. 1 mL of the prepared Trace Metal Mix A5 is
added per liter of media made.
The media is the main source of the nutrients for the culture. For phototrophic
algae such as Scenedesmus quadricauda, the energy source is light, the carbon source is
CO2, the nitrogen mainly comes from NaNO3, and phosphorus is available from K2HPO4.
EDTA acts as a chelating agent to remove toxic metals (Watanabe, 2005). Other
micronutrients and trace metals are added as required.
Phosphates play different roles in the media. Phosphates are primarily used as the
phosphorus source for microorganisms. Phosphates can act as buffering agents alongside
carbonates and other buffers (Provasoli, 1958; Smith & Foy, 1974; Thermo Scientific,
2017). In the latter case, high quantities of phosphates are required to form a proper
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buffering system, and the high level of phosphorus may be toxic to some freshwater algal
species (Smith & Foy, 1974). Provasoli (1958) agrees that some organisms may be
sensitive to high levels of phosphorus and labels three groups regarding phosphorus
requirements: low (<20 µg), medium (around 20 µg), and high (> 20 µg). BG-11 media
has a relatively high amount of nitrates and phosphates (Bigelow, 2017), but given its
common use as a synthetic media (Watanabe, 2005), it seems to be well within a range
that does not inhibit growth for certain algae.
Other components and preparation steps may affect phosphates. For example,
autoclaving BG-11 media may result in precipitation of phosphates and carbonates
(Provasoli, 1958; Smith & Foy, 1974). Drouillon & Merckx (2003) founds that citric acid
aids in mobilization of phosphorus within the media. Watanabe (2005) warns that it may
be better to add any EDTA required first to properly dissolve it, and then add the trace
metals into the media. EDTA may also mobilize phosphates. One study found that at
optimum concentrations of EDTA and FeEDTA, microbial populations were able to grow
at very low concentrations of phosphate (< 1 µg/L P) (Løvstad & Krogstad, 2001).
Alexander & Robertson (1972) supports this, finding that as more EDTA was added,
more phosphorus was released. This continued up to a concentration of 20 mM of EDTA
where the EDTA interfered with phosphorus detection (Alexander & Robertson, 1972).
This is likely due to EDTA acting as a chelating agent and binding to metallic cations,
which releases phosphorus (Viro, 1955; Sahrawat, 1977).
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Phosphorus and Alkalinity

Alkalinity acts as a buffering system in water, neutralizing acids and preventing
drastic changes in pH (Chemistry Department, Whitman College, 2017). Although this
often refers to carbonate alkalinity, borates, silicates, and phosphates can replace
carbonates as a buffering system (Lower, 1996; Chemistry Department, Whitman
College, 2017). Phosphate levels are fairly low in most freshwater sources, especially
compared to carbonates, meaning that carbonate alkalinity is more common (Lower,
1996). Froelich (1988) states that phosphate concentrations are usually around 1 µM in
natural water sources, while Jenson & Sicko-Goad (1976) say common values range from
1 to 20 µg/L of phosphorus.
A co-precipitation mechanism exists for phosphates and carbonates together,
which is useful in regards to phosphorus removal from water. Co-precipitation occurs at
low to moderate phosphate concentrations. High phosphate concentrations can inhibit
CaCO3 precipitation (Neal, et al., 2002). The co-precipitation mechanism can also inhibit
itself, per se, as carbonate will compete with phosphate for calcium, especially at a pH of
9.0-11.0 (Zhang, et al., 2010).
Soluble phosphorus can precipitate as CaPO4. This occurs mainly in waters with
high pHs and high calcium levels. Diaz et al. (1994) found that at calcium concentrations
> 100 mg L-1 and pH > 9, phosphorus precipitation increased. Alternatively, phosphorus
becomes more soluble at acidic pHs and with CO2 addition (Hepher, 1965). The
Mississippi State University Extension (2015) states that increasing alkalinity will
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increase phosphorus availability in ponds because increased alkalinity prevents
phosphates from adhering to the bottom muds. Kaneko & Nakajima (1988) found that as
bicarbonate alkalinity concentrations increased from 20 to 1000 mg/L, the effluent PO4-P
concentration increased from approximately 0.25 to 1.75 mg/L. Two of the three trials
saw a significant jump beyond 100 mg/L bicarbonate alkalinity, although the third
requires 500 mg/L before that change occurs (Kaneko & Nakajima, 1988). The expected
trend for a reactor open to the atmosphere with NO3- as a nitrogen source would be an
increase in alkalinity (Grady et al., 2011).
In the case of media or ecosystems with microbial growth, intensive growth may
deplete the phosphates and in turn create low alkalinity conditions (Lower, 1996). King
(1970) noted that when alkalinity is mainly carbonate based, algal use of that alkalinity
for a carbon source has little effect on the amount of alkalinity unless accompanied by
precipitation or destructive use of non-carbonate alkalinity.

SUMMARY

This chapter presented tables of phosphorus levels in Lake Hartwell as well as the
biochemical composition of various algal species. In addition, the following major topics
were discussed:
1. There are changes occurring in global levels of pollution, including carbon dioxide and
phosphorus.
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2. Algal growth acts as a biological treatment of high levels of nutrients in water,
including phosphorus and nitrogen.
3. After growth, algal biomass is a versatile feedstock that yields various important
products, including pharmaceuticals, fuels, cosmetics and supplements.
4. Scenedesmus quadricauda is a green photosynthetic alga that has high bioproducts
potential, including biofuels and proteins, among others.
5. Although algae are commonly defined by the Redfield ratio, the actual composition of
algae may vary depending on species, physical environment and chemical environment.
6. Protein is one of the key biological macromolecules, and there are various methods for
determination and analysis of protein samples. Certain methods may require adjustment
to correct for factors that apply to plants instead of algae.
7. The media of choice, modified BG-11 media, is high in nitrates and phosphates. It is a
synthetic media and so should work with the species of interest.
8. There is a dynamic relationship between phosphorus/phosphates and alkalinity. This
interaction expresses itself as a co-precipitation mechanism and as alkalinity affecting
levels of available phosphorus.

CONCLUSIONS

As global warming occurs and air and water pollution increase, new treatments
are sought to mitigate the impacts. One such technique is through biological treatment –
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using photosynthetic algae to remove sequester nutrients and carbon dioxide. The
physical and chemical environments influence the algal growth, which could potentially
affect the products yielded and their utilization.
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CHAPTER THREE
GROWTH OF FRESHWATER ALGAE AS A FUNCTION OF PHOSPHORUS
LEVELS

ABSTRACT

Batch growth of algae in limited diffusion and closed reactors was analyzed to
investigate how the initial concentration of phosphorus in the medium affected algal
growth rate and cellular composition. Trials were completed at four different levels of
initial phosphorus concentration with an adjusted initial pH of 10.3. Results show that the
initial phosphorus concentration and amount of light received impacted the biomass
concentration. A specific growth rate of 0.0098 hr-1 was found for the reactor containing
1 mg/L P (R2 = 0.996). The calculated biomass yield was 245.4 mg biomass/mg P. The
phosphorus content of the cells linearly increased as the initial phosphorus concentration
increased (R2 = 0.99977), while the carbon and nitrogen content increased in a nonlinear
trend. A molar C:N:P ratio of 1270:86:1 was estimated for the lowest initial concentration
of 0.05 mg/L P and 34:4:1 for the highest (7 mg/L P). These results suggest a connection
between the initial phosphorus concentration and the composition of the algal biomass.
This implies that the composition of the algal biomass produced could be either predicted
or manipulated through the initial concentrations of nutrients on the medium.
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INTRODUCTION

As nutrient levels worldwide fluctuate, solutions for air, water, and soil pollution
are becoming a more urgent topic for research (Tester, et al., 2012; Chislock, et al., 2013;
NASA, 2016; NOAA, 2016). One method for treatment is biological sequestration.
Photoautotrophic algae utilize phosphorus, nitrogen, and carbon dioxide to grow, and in
the process remove those nutrients from the water and air (Tarlan, et al., 2002; Pittman, et
al., 2011; Abdel-Raouf, et al., 2012).
A recently published study found that varying initial levels of carbon affected the
elemental composition of the algal biomass (Watson, et al., 2016). This supports the
existence of a connection between the media and elemental composition and yielded
elemental ratios with an interesting pattern between the carbon and phosphorus (Watson,
2009; Watson, et al., 2016).
To investigate, the species Scenedesmus quadricauda was the organism chosen
for study. This species has been shown to effectively treat wastewater high in nitrogen
and phosphorus (Pittman, et al., 2011; Hakalin et al., 2014). It is also a native species to
South Carolina and is a feedstock for various bioproducts (Al hattab and Ghaly, 2015;
Abdelkhalek, et al., 2016).
The goal of this project was to investigate the impacts of phosphorus
concentrations on algal growth and composition and aid in furthering knowledge of
carbon and phosphorus sequestration through microalgae. The objectives of the research
were as follows:
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1) Characterize elemental composition change of the green alga Scenedesmus
quadricauda as the phosphorus level in the BG-11 medium is varied
2) Compare impact of limited CO2 diffusion on biomass accumulation by using
either a closed or open reactor or a foam stopper

LITERATURE REVIEW

Changes in Global Levels of Pollution

Levels of CO2 in the atmosphere have increased from approximately 315 ppm in
1960 to around 400 ppm in 2016 (NOAA, 2016). This phenomenon follows the pattern
set by the growth and industrialization of the world’s economies (Tester, et al., 2012).
The rising levels of CO2 alter the equilibrium of many systems (NASA, 2016). As human
activity has increased, the amount of nutrients released into the nearby ecosystems
increased. When limiting nutrients are released into the environment, they can cause
eutrophication. This buildup of excess nutrients in aquatic systems, besides polluting the
water source, creates an environment conducive to the growth of algae (Chislock, et al.,
2013).
As a reference, Table 3.1 lists data on the phosphorus levels in Lake Hartwell,
Clemson. Samples were taken from various locations on Lake Hartwell. A few were
located near to wastewater treatment plant discharge sites.
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Table 3.1: Total phosphorus concentration [mg/L] in Lake Hartwell in 1973 and
1991.
Sample
Date
Minimum Maximum
Mean
Source
EPA,
1
6/26/1973
0.006
0.110
0.015
1973
2
9/15/1973
0.005
0.130
0.016
3
11/13/1973
0.007
0.046
0.017
Jabour &
4
7/15/1991
0.007
0.081
0.015
Carroll,
5
7/15/1991
0.005
0.050
0.012
1993
6
10/23-24/1991
0.009
0.171
0.030
7
10/23-24/1991
0.008
0.171
0.032

Many research studies look at methods for the reduction of nutrient pollution and
the sequestration of eutrophicating nutrients.

Algae as a Biological Treatment

Algae are commonly identified as aquatic nuisances, as they grow in bodies of
water with high levels of eutrophication and cause problems such as hypoxia. While algal
blooms are a nuisance and possibly harmful, there are benefits in their ubiquity. By
growing them in contaminated water, algae remove the excess nutrients (Tarlan, et al.,
2002; Abdel-Raouf, et al., 2012). Past studies demonstrate that this growth is effective in
reducing nutrient concentration. Pittman et al. (2011) shows that the Chlorella and
Scenedesmus species can provide 80% or greater removal of nitrogen and phosphorus
from wastewater.
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Products from Algae

Beyond using algal growth as a remediation method, the algal biomass produced
is the feedstock for various sustainable commodities. This includes products derived from
biologically produced chemicals, such as biofuels, food additives, and
biopharmaceuticals (Algae Biomass Organization), and nonchemical products, like slow
release fertilizers (Mulbry, et al., 2005) and paper (Seo, et al., 2010).
The protein portion of the algal cells is valuable as a product, and is used in food
or health applications (Oilgae, 2016). Algae are used as animal feed and as an alternative
source for protein supplements (Rack, 2015). Certain types of algae, such as Chlorella
and Spirulina (Rack, 2015; Global Food Forums, 2016), have protein contents from 5060% (Rack, 2015). Other products are possible using chemical pathways. For example,
deamination of protein hydrolysates yields C4 and C6 alcohols, which are converted into
fuel (Huo, et al., 2011).

Species of Interest - Scenedesmus quadricauda

Scenedesmus quadricauda is a green alga of the division Chlorophyta commonly
found in freshwater. The Scenedesmus genus is one of the most common freshwater
genera, and most species are found across the world (Lürling, 1999). S. quadricauda is a
native species to Clemson, South Carolina and has one of the most preferable
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characteristics for an efficient combination of CO2 fixation, nutrient removal for
wastewater treatment, and lipid synthesis (Hakalin et al., 2014).
The biochemical composition of algae varies depending on the species and
growth conditions. While various experiments regarding CO2 fixation and nutrient
removal used S. quadricauda, not many quantify the biochemical content aside from
lipids. The genus Scenedesmus is divided into the subgenera Scenedesmus,
Desmodesmus, and Acutodesmus (Hegewald, 1997). The phylogenetic difference
between Scenedesmus and Acutodesmus is negligible (Kessler, 1997) and the difference
between Scenedesmus and Desmodesmus is so minimal it is detected only through rDNA
sequencing (Kessler et al., 1997; Van Hannen et al., 2002; Johnson et al., 2007). Thus for
the preliminary survey, various species in the Scenedesmus genus will be included. Table
3.2 below summarizes known information for the genus Scenedesmus.
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Table 3.2: Biochemical composition of various species in the Scenedesmus genus, taken
as a proportion.
[a][b]
Species
Phase
Protein
Carbohydrate
Lipid[c]
Reference[d]
Desmodesmus communis
Desmodesmus sp. C046

9.5-39.2
28.5-30.7

23.7-65.0
9.9-16.4

1.4-9.3
5.8-7.8

Samori, 2012
Knoshaug et
al., 2016

Scenedesmus sp.

32-44

35-48

-

Tibbetts et al.,
2015

Scenedesmus obliquus
Scenedesmus quadricauda

50-56
47

10-17
-

12-14
1.9

Scenedesmus dimorphus

8-18

21-52

16-40

Becker, 2007
Al hattab and
Ghaly, 2015

Scenedesmus quadricauda

47.2-54.1

10.40

0.90-2.4

Average
Latent

3.37-7.83
5

2.73-6.83
4

6.41-9.60

Exponential
Stationary

3.5
7

3.5
7

Average
Latent
Exponential

25.40-45.05
37
45

20.95-29.21
21
29

Stationary
Average

39
4.38-9.55

27
3.67-24.76

Latent
Exponential
Stationary

6
5
10

4.5
24
6

Average
Latent

3.45-11.21
3.5

2.51-12.95
3

Scenedesmus falcatus

Scenedesmus protuberans

Scenedesmus quadricauda

Scenedesmus sp.

Hindák and
Přibil, 1968

17.53-29.30

6.91-10.60

Abdelkhalek
et al., 2016

12.88-22.56

Exponential
5
4
Stationary
11
15
[a]
Phase information is given if available, otherwise the values reflect the species overall
[b]
Note that the values for the different phases are approximations based on charts
[c]
Samori measured TFA and Knoshaug measured FAME lipid
[d]
Data from all sources are in % DW
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Abdelkhalek et al. (2016) shows a difference in proportions of each biochemical
at different growth phases. For example, during the exponential phase the carbohydrate
percentage of the S. quadricauda cell increased to 24%, as compared to 4.5 or 6% during
the latent or stationary phase (Abdelkhalek et al., 2016). As noted in Al hattab and Ghaly
(2015), under certain conditions S. quadricauda can accumulate protein as 47% of the
cell. Hindák and Přibil (1968) found a protein content between 47.2-54.1% (although it is
noted for the latter that N = 6.25 was used). These facts show potential for two different
paths of bioproducts.
It is possible that part of the discrepancy in the biochemical composition is due to
media composition. Table 3.3 below lists the media C:N:P ratios.

Table 3.3: Elemental ratios of media used in various studies.
Study/Media
Molar C:N:P Ratio
Abdelkhalek et al., 2016
8.7 : 0.5 : 1
Tibbetts et al., 2015
3.25 : 25 : 1
Hindák & Přibil, 1968[a]
12.2 : 12.7 : 1
BG-11 media[b]
0.82 : 76.8 : 1
Modified BG-11 media[c]
8.2 : 76.8 : 1
[a] This media is a modified nutrient 2 solution, the recipe of which was found in
Bjorkman et al., 1955.
[b] Watanabe, 2005.
[c] 0.2 mg/L Na2CO3 was used instead of the original 0.02 mg/L Na2CO3.
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Variations in Algal Composition

Watson et al. (2016) investigated the use of algae for carbon sequestration –
specifically, how the algal species utilized inorganic carbon. It was observed that the
elemental composition (C:N:P ratio) was at least one magnitude smaller than the Redfield
ratio. This ratio determined that algae have a molecular formula of C106H263O11N16P or a
C:N:P ratio of 106:16:1 (Redfield, 1958). While there was no clear relation directly
between the percentage content of phosphorus and the total inorganic carbon, Watson’s
work yielded the following C:N:P ratios (Table 3.4) with varying initial TIC.

Table 3.4: C:N:P ratios in the biomass for closed reactors from Watson et al., 2016.
Initial TIC Concentration in
medium [mg/L]

Molar C:N:P ratio

14

6.16:1.01:1

20

6.18:0.97:1

26

7.67:1.25:1

32

10.16:1.52:1

Modified BG-11 Media

8.22:76.84:1

Ratios that are dissimilar from Redfield’s are common (Klausmeier et al., 2004).
Redfield (1958) originally defined the ratio as an average value as opposed to a standard
for algae, due to naturally occurring variations and the use of exclusively marine algae.
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What is significant is that Watson’s work implies a correlation between the nutrient
levels in the media and the elemental composition.
There is evidence that external conditions influence the C:N:P ratio of algae.
Different levels of light can influence the phosphorus intake and final phosphorus content
in cells (Nalewajko et al., 1981). Availability of carbon (Klausmeier et al., 2008) and
nutrients such as nitrogen and phosphorus affects the elemental composition of algae
(Geider & La Roche, 2002). Various environmental conditions, such as pH, can affect the
availability of nutrients, thereby affecting the algal cells (Jin et al., 2006).
The topic of limiting nitrogen sources has been studied extensively in regards to
its effects on algal cell composition, especially in regards to biofuel production. Although
phosphorus deficiency also stresses cells, less research has been done on this topic (Chu,
et al., 2014). Mandal and Mallick (2009) studied the effects of varying levels of nitrate,
phosphate, and thiosulfate on lipid yield and biomass growth of Scenedesmus obliquus.
The lipid yield did increase under certain phosphorus deficient conditions, however, the
biomass concentration decreased. The levels of phosphate used were a control (unknown
concentration), 0.1 g/L P, 0.06 g/L P, 0.03 g/L P, and P deficient conditions. The biomass
concentrations of all levels are lower than the control, and the deficient condition is the
lowest, which makes logical sense. Interestingly, the biomass concentration of the 0.03
g/L P condition is actually higher than that of the 0.1 and 0.06 g/L P conditions (Mandal
& Mallick, 2009). Table 3.5 compiles the approximate maximum biomass concentration
for each phosphorus concentration.
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Table 3.5: Maximum yielded biomass concentration (Mandal & Mallick, 2009).
Phosphorus Concentration
[g/L]
Control
0.03
0.06
0.1
P-deficient

Maximum Biomass
Concentration [g/L]
1.15
1.1
1
0.95
0.15

Time when maximum was
reached [d]
20
24
27
24
10

Protein Analysis

A common determination of the protein content of biomass is an elemental
nitrogen analysis. Multiplying the amount of nitrogen in the biomass by a factor converts
that value to the amount of protein. The downside of this method is that the generally
used factor, 6.25, does not always apply well to all types of biomass. Non-protein
nitrogen (NPN) sources such as chlorophyll, nucleic acids, and amino sugars in algae will
skew the results. These NPNs can comprise at least 15-30% of the detected nitrogen –
therefore the factor of 6.25 would inflate the protein estimate. Alternate values for the
conversion factor have been researched; one experiment yielded values between 4 and 5
for green algae (Lourenco, et al., 2004), while another states common values for algae as
ranging from 3.75-5.72 (López, et al., 2010).
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Background Information on Modified BG-11 Media

Table 3.6 displays the modified BG-11 media used in this project. The
modification was changing the concentration of Na2CO3 from 0.02 g/L to 0.2 g/L
(Conwell, 2005).

Table 3.6: Recipe for modified BG-11 media for algal and bacterial growth.
Chemical

Required
Concentration [g/L]
Na2CO3
0.20
NaNO3
1.5
K2HPO4
0.04
MgSO4-7H2O
0.075
CaCl2-2H2O
0.036
Citric Acid
0.006
Ferric Ammonium Citrate
0.006
EDTA
0.001
Trace Metal Mix A5
1 mL[a]
[a]
1 mL of the prepared Trace Metal Mix A5 is added per liter of media made.
The media is the main source of the nutrients for the culture. For phototrophic
algae such as Scenedesmus quadricauda, the energy source is light, the carbon source is
CO2, the nitrogen comes from NaNO3, and phosphorus is available from K2HPO4. EDTA
acts as a chelating agent to remove toxic metals (Watanabe, 2005). Other micronutrients
and trace metals are added as required.
Phosphates are the phosphorus source for the media, but they can also act as
buffering agents (Provasoli, 1958; Smith & Foy, 1974; Thermo Scientific, 2017). In
certain cases high levels of phosphorus may be toxic to some freshwater algal species
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(Provasoli, 1958; Smith & Foy, 1974). Modified BG-11 media has a relatively high
concentration of nitrates and phosphates (Bigelow, 2017), but given its common use as a
synthetic media (Watanabe, 2005) it seems to be well within a range that does not inhibit
growth for certain algae. Phosphates may be affected by many things: autoclaving, which
may result in precipitation of phosphates and carbonates (Smith & Foy, 1974); citric acid,
that aids in phosphorus mobilization (Drouillon & Merckx, 2003), and EDTA that may
also mobilize phosphates (Watanabe, 2005).
Interactions between phosphorus and alkalinity are complex. Alkalinity acts as a
buffering system in water, neutralizing acids and preventing drastic changes in pH
(Chemistry Department, Whitman College, 2017). Although this often refers to carbonate
alkalinity, borates, silicates, and phosphates can replace carbonates as a buffering system
(Lower, 1996; Chemistry Department, Whitman College, 2017). Phosphate levels are
fairly low in most freshwater sources, especially compared to carbonates, and therefore
carbonate alkalinity is more common (Lower, 1996). However, a co-precipitation
mechanism exists for phosphates and carbonates (Neal, et al., 2002; Zhang, et al., 2010),
and soluble phosphorus may also be removed from the water by precipitation as CaPO4
(Hepher, 1965). Kaneko & Nakajima (1988) reported that as bicarbonate concentrations
increased from 20 to 1000 mg/L, the effluent PO4-P concentration increased from
approximately 0.25 to 1.75 mg/L. The expected trend for a reactor open to the
atmosphere with NO3- as a nitrogen source would be an increase in alkalinity (Grady et
al., 2011).
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In the case of media or ecosystems with microbial growth, intensive growth may
deplete the phosphates and in turn create low alkalinity conditions (Lower, 1996). King
(1970) noted that when alkalinity is mainly carbonate based, algal use of carbon dioxide
has little effect on the amount of alkalinity unless accompanied by precipitation or
destructive use of non-carbonate alkalinity.

EXPERIMENTAL METHODS

Two reactor studies were performed to collect data regarding the effects of
phosphorus levels on the algal growth. First was a closed reactor study to determine
kinetic parameters. The second study was a limited diffusion reactor study to determine
the impact of the phosphorus levels on the biomass composition.

Bioreactor Configuration
The algae were grown in four-liter glass vessels under 20 W cool white
fluorescent bulbs. Closed reactor vessels were fitted with No. 8 stoppers to use as a
sampling port and tubing connector. The tubes contained 12 g of AscariteII® to allow the
headspace pressure to equilibrate with the atmosphere without letting CO2 to enter. CO2
was not bubbled into the reactor in order to replicate sequestration using an outdoor
reactor. Foam stoppers were placed in the opening of the limited diffusion reactors
(unless otherwise specified) to prevent contamination.
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Culture Methods
Culture Media
The alga Scenedesmus quadricauda (UTEX culture B76) was cultured in
modified BG-11 media (Table 2.3). An additional change based on Watson, et al.’s work
(2016) was to use 17 mg/L of C (0.15 g/L of Na2CO3). The initial pH was adjusted to
10.3. The phosphorus concentrations were selected to provide an evenly spaced set of
data when inverted (1/P) for the Lineweaver-Burk analysis. Table 3.7 shows the chosen
concentrations of phosphorus.

Table 3.7: Initial phosphorus levels in the reactors.
Level of Phosphorus Reactor
1
2
3
4

1
2
3
4

Concentration of P [mg/L
P]
0.05
0.1
1
7

Approximate concentration
of K2HPO4 [mg/L]
0.28
0.56
5.6
39

Precultures and Inoculum Preparation
Precultures were prepared in 4 L glass reactors with the same environmental
conditions as the test reactors. 800 mg of algal cells were inoculated into each test
reactor. The inoculum was separated using centrifugation.

Environmental Conditions
The cultures were grown in four-liter glass vessels under cool white fluorescent
bulbs (GE Cool White 20 W), hanging approximately 20.3 cm above initial liquid height.
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Light intensity was measured using a pyranometer (SPER Scientific 850070, AB. 38283).
The reactors were placed on a benchtop on stir plates, which were set at approximately
250-300 rpm.

Algal Biomass Quantification

Cultures were visibly identified using an Olympus BX40 microscope (OPELCO).
Optical Density (OD) and TSS was monitored, with TSS concentrations determined via
Standard Method 2540-D (APHA, 1999) with 0.2 µm membrane filters and OD measured
at 750 nm as per Standard Method 8111-G (APHA, 1999), using a Thermo Spectronic
20D+ spectrophotometer. Calibration curves were prepared to relate these parameters.

pH, Alkalinity, and Total Carbon

pH was monitored in all reactors using a Thermo electron Corporation Orion 2
Star pH Benchtop with VWR Symphony probe. This was calibrated before sampling
using 4.01, 7.00 and 10.01 buffers. Alkalinity was monitored using Standard Method
2320-B (APHA, 1999), with 0.1 N H2SO4 as the titrant. Total inorganic carbon was
calculated using the pH and alkalinity data and the following carbonate chemistry
equations from Stumm & Morgan (1981):
𝐶! =

𝐴𝐿𝐾 − 𝑂𝐻! + [𝐻! ]
𝛼! + 2𝛼!
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[𝐻! ]
𝐾!
𝛼! =
+1+ !
𝐾!
[𝐻 ]
[𝐻! ]! [𝐻! ]
𝛼! =
+
+1
𝐾! 𝐾!
𝐾!

!!

!!

Where CT = total inorganic carbon concentration, mol/L
[ALK] = alkalinity, mol equ/L
[OH-] = hydroxyl ion concentration, mol/L
[H+] = hydrogen ion concentration, mol/L
K1 = equilibrium constant for dissociation of carbonic acid = 10-6.3 at 25°C
K2 = equilibrium constant for dissociation of bicarbonate = 10-10.25 at 25°C

Determination of Algal Growth Kinetic Parameters and Stoichiometry

Specific Growth Rate
Specific growth rate (µ) was determined by fitting a linear regression to the
natural log of biomass versus time data for the exponential growth phase.

Kinetic Constants
The Monod kinetic parameter values (µmax and KP) concerning the phosphorus
concentration were estimated using closed reactor data from Study 1C*. Due to a lack of
accurate data at varying phosphorus levels, a different method than Lineweaver-Burk was
used to determine the kinetic parameters. This model is a logistic fit, with the following
equation:
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𝑡 − 𝑡! 𝜇 =

𝐾! 𝑌!
𝑋!"
𝐾! 𝑌!
𝑆!
+ 1 ln
+
ln
𝑋!! + 𝑆! 𝑌!
𝑋!!
𝑋!! + 𝑆! 𝑌!
𝑆!

Where t = time, hr
t0 = initial value for time, here t0 = 0 hours
YB = biomass yield for the substrate, mg biomass/mg P
XBt = concentration of biomass at t, mg biomass/L
XB0 = concentration of biomass at t = t0, mg biomass/L
St = concentration of substrate (phosphorus) at t, mg/L P
S0 = concentration of substrate (phosphorus) at t = t0, mg/L P
𝜇 = maximum specific growth rate, 1/hr
KP = half-saturation coefficient, mg/L P

Using a SAS proc model statement, the data were fitted to this equation using
measured values and smoothed values to account for discrepancies in the phosphorus
concentration value readings. The reported values are averages of the physically possible
results.

C:N:P Ratio and Protein Content

The following procedures were run by the Clemson Agricultural Chemistry
Laboratory. The percentage nitrogen value was determined by the Total N by
Combustion Procedure using a LECO FP528 N Combustion Analyzer. The percent of
carbon was determined using elemental analysis. The phosphorus content was determined
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through a standard minerals ICP analysis as per Plant Analysis Reference Procedure Determination of P, K, Ca, Mg, Mn, Fe, Al, B, Cu, and Zn in Plant Tissue by Inductively
Coupled Plasma (ICP) Emission Spectroscopy (Donohue & Aho, 1992). The C:N:P ratio
was then calculated from these values – this procedure is shown in Appendix A. The
protein content in the biomass was calculated by the Clemson Agricultural Chemistry
Laboratory using the Total N by Combustion Procedure and a nitrogen-to-protein
conversion factor of 6.25.

RESULTS & DISCUSSION

Limited Diffusion Reactor Study

The following analysis discusses observations regarding the data from the limited
diffusion reactor study. This includes discussion on the biomass concentrations, the pH
and TIC, as well as calculation of the biomass yield.
A standard curve was used to convert optical density (OD) readings to biomass
concentrations as total suspended solids (Figure 3.1). The curve was developed from a
limited diffusion reactor at Level 3 of the phosphorus concentration.
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Figure 3.1: TSS vs. OD Standard curve for limited diffusion reactors.

The following equation was used to convert from OD to TSS, where OD is the
optical density at 750 nm and TSS is in mg/L:

𝑇𝑆𝑆 =

𝑂𝐷
1.66 ∗ 10!!

The optical density readings of the limited diffusion reactors (Figure 3.2) displays
a period of exponential growth, then what appeared to be a stationary phase, and then the
beginning of a secondary exponential growth phase. The expected trend was a steady
increase over time, with perhaps the beginning of a plateau (stationary phase) near the
end of the run.
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Figure 3.2: Optical density readings (750 nm) of the algal cultures over time for all
reactors in Study 2.
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Figure 3.3: Biomass concentration over time for all reactors in Study 2.

Figure 3.3 shows the biomass concentration values up to the limit of the standard
curve relating OD to TSS. Reactor 4 (7 mg P/L) reached this limit in roughly half the
time that the other reactors did. The overall concentration of biomass in the reactors was
less than expected. The biomass concentration of this study was only 12% of Watson et
al.’s value at 1000 hours (2016). This difference was investigated as a possible limitation
of CO2 diffusion into the reactor by the foam stoppers. This limitation is further discussed
in the following section titled Comparison of Reactors with Limited CO2 Diffusion.
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Figure 3.4: Natural log of the optical density at 750 nm vs. time for all reactors, Study 2.
Taking the natural log of the optical density (Figure 3.4) during the exponential
phase from 0 to 288 hours confirmed what the biomass concentration and OD versus time
graphs suggest. The slopes of the lines from 0 to 288 hours are statistically the same (p =
0.3934), which implies that in the limited diffusion reactors the growth rate is not limited
by phosphorus. This further implies that there must be another factor inhibiting the
growth – potentially the limited CO2 diffusion because of the foam stoppers, but another
possible factor is the amount of light.
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Figure 3.5: Light intensity readings over time for Study 2.

As can be seen in Figure 3.5, Reactors 1 and 2 were receiving a lower level of
light than Reactors 3 and 4. This was consistent across all studies. The drop at 864 hours
is due to a measurement error. These reactors were randomized before experimentation to
attempt to avoid an impact from light variations, but this randomization was not
successful. Analysis of the effects of phosphorus levels and light levels separately using a
one-way ANOVA in JMP shows that their effects on the biomass concentration are
statistically significant (p < 0.001 and p = 0.002, respectively). Using LS Means and the
Student’s T test in JMP, it was found that the different treatment combinations of
phosphorus levels and light also had a significant effect (p < 0.001), implying that there
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unintentionally were two independent variables. Hill et al. (2009) studied the interactions
between light and phosphorus found that although the impact of light is very small at low
levels of phosphorus, in regards to biovolume the effects of light were still significant.
The biomass concentrations in Reactors 1, 2, and 3 on the previous graph (Figure
3.3) do not appear to differ from each other, excepting the biomass concentration of
Reactor 3, which at the end has a sharper increase than the rest in the second exponential
phase (Figure 3.2). Using JMP to analyze the biomass concentration in all the reactors
from 480 to 768 hours showed that there is a significant difference between the
concentration in Reactor 4 and the concentration in the others (p < 0.0001). The biomass
concentrations of Reactors 2 and 3 were not significantly different, and neither were
those of Reactors 1 and 2 (Table 3.8). Given the clear distinction between Reactor 4 (7
mg/L P) and the rest, Reactor 4 was removed from data set to better analyze the
difference between 0.05, 0.1 and 1 mg/L of phosphorus. This secondary run analyzing the
concentrations in Reactors 1-3 revealed that there is no significant difference between
their biomass concentrations (p = 0.1179). Table 3.8 below shows the statistical
relationships. Figure 3.6 below shows the results of an LS Means Contrast of the biomass
concentration in Reactors 1-3 versus in Reactor 4. It also concludes that the biomass
concentration in Reactor 4 (7 mg/L of P) is significantly different from the other reactors
(p < 0.001).
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Table 3.8: Statistical relationships of limited diffusion reactors in regards to
biomass concentration depending on phosphorus and light. Any treatments with the same
letter are not significantly different.
Reactor
4 (7 mg P/L)
3 (1 mg P/L)
2 (0.1 mg P/L)
1 (0.05 mg P/L)

Analysis of all 4 Reactors
A
B
B

C
C

Analysis of
Reactors 1-3
A
A
A

Figure 3.6: Results of LS Means Contrast comparing the biomass concentrations of the
reactors. 0.05, 0.1, 1, and 7 above are the concentrations of P in the reactors.
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When the data are grouped by treatment (initial phosphorus concentration) as in
Figure 3.7, there appears to be a nonlinear trend relating the initial phosphorus
concentration and the biomass concentration.

Figure 3.7: JMP graphing function output for the biomass concentration grouped by
initial concentration of phosphorus. The blue and red colors indicate a difference in light
intensity.
Using JMP to fit a model to that data (Figure 3.8), it was found that a 3-parameter
exponential model and a quadratic model fit the data well (R2 = 0.942 and R2 = 0.942,
respectively).
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Figure 3.8: JMP model fits with statistical results; Initial phosphorus concentration [mg
L-1 P] is on the x-axis and the biomass concentration [mg L-1 TSS] is on the y-axis.
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This yielded two potential predictive models as follows, where XB is the average
biomass concentration [mg L-1 as TSS] and P0 is the initial concentration of phosphorus
[mg L-1 P]:

Table 3.9: Predictive models for average biomass concentration based on initial
phosphorus concentration.
Model

Predictive Equation

R2 Value

3-Parameter Exponential

XB = -140.8 + 206*exp(0.0292*P0)

0.941596

Quadratic

XB = 65.2 + 6.00*P0 + 0.095*P02

0.9415958

The pH and TIC of the reactors (Figures 3.9 and 3.10) show a major decrease and
increase, respectively, at the early stages of the study. It appears that there may be a
corresponding dip in Watson et al.’s (2016) work. This project had a more extended lag
phase, and as such this trend was far more apparent and visible than Watson et al.’s.
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Figure 3.9: Changes in pH over time for all reactors, limited diffusion.
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Figure 3.10: Changes in Alkalinity over time for all reactors, limited diffusion.
Another point of note is that the alkalinity values in this experiment slightly
decreased, as opposed to those in the Watson thesis (2009). The expected trend for a
reactor open to the atmosphere with NO3- as a nitrogen source would be an increase in
alkalinity. This difference is likely due to the use of a foam stopper, which limited the
amount of CO2 diffusion. This would create a pseudo-closed reactor condition.
The biomass yield (YB) was determined by using Reactor 2 data from the limited
diffusion reactor study. The yield, by definition, is the amount of biomass grown divided
by the amount of substrate consumed.
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Figure 3.11: Biomass (TSS) change over time for the exponential phase of Reactor 2,
Study 2.
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Figure 3.12: Phosphorus concentration change over time for the exponential phase of
Reactor 2, Study 2.
The change in phosphorus over time and the change in biomass over time during
the exponential phase were graphed (Figures 3.11 and 3.12 above). The yield was
calculated by dividing the rate of change of biomass by the rate of change in phosphorus,
yielding (0.1161 mg biomass L-1 hr-1)/(4.731*10-4 mg P L-1 hr-1) = 245.4 mg biomass/mg
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P. This matches with an estimation based on the molar ratio, which yielded 245.7 mg
biomass/mg P. There is roughly a 0.1% difference between the two estimates.

Elemental Composition of Algal Biomass

The following analysis will address the objective of characterizing the elemental
composition depending on the concentration of phosphorus in the media. This section
provides the elemental percentages of the cell and analyzes the connection between the
results and the initial phosphorus concentration.
The percent composition of the biomass as carbon (C), nitrogen (N), and
phosphorus (P) was determined through elemental analysis (Table 3.11 and Figure 3.13).
These percentages were then converted to molar ratios (Table 3.12 and Figure 3.14) and
normalized to the amount of phosphorus in the biomass. Appendix A shows this process
in detail. Table 3.10 lists the C:N:P ratio for the media in each reactor as reference.

Table 3.10: C:N:P ratio of the modified BG-11 medium in each reactor.
Reactor
1
2
3
4

Initial Concentration of
Phosphorus [mg/L]
0.05
0.1
1
7

Carbon
[mol]
878.36
454.76
45.61
6.41
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Nitrogen
[mol]
10,526.6
5,449.9
546.5
76.8

Phosphorus
[mol]
1
1
1
1

Table 3.11: Percent element composition of algal biomass.
Initial P
Concentration
[mg/L P]
0.05
0.1
1
7
Watson et al., 2016

Carbon
[%]

Nitrogen
[%]

Phosphorus
[%]

30.46
39.02
38.20
35.77
45.35

2.40
4.38
5.54
4.96
6.82

0.06204
0.12066
0.42166
2.72107
2.96
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Figure 3.13: Percent elemental content of carbon (left vertical axis), nitrogen (right axis)
and phosphorus (right axis) varying with the initial phosphorus concentration of the
media.
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Table 3.12: Molar ratios and estimated molecular weight of algal biomass.
Initial P Concentration
[mg/L P]
0.05
0.1
1
7
Watson et al., 2016
Redfield Ratio, 1958

Carbon
[mol]
1266.23
834.02
233.64
33.90
39.6
106

Nitrogen
[mol]
85.53
80.25
29.05
4.03
5.1
16

Phosphorus
[mol]
1
1
1
1
1
1
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Figure 3.14: Changes in molar ratio as initial phosphorus concentration increases. The
molar ratio is normalized to phosphorus content.
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When comparing the ratio achieved in the reactor with 7 mg L-1 of P with the
corresponding open reactor results from Watson’s 2009 work, both the percentage of
each element in the biomass and the C:N:P molar ratio are comparable. Between this
research and Watson’s (2009), there is a 14.4%, 21.0% and 13.8% difference for the
carbon content [mol], nitrogen content [mol] and the estimated molecular weight [g/mol],
respectively. It is possible that some of the difference came from using the foam stopper.
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Figure 3.15: Representation of the molar amount of different elements in the algal
biomass.
As the initial amount of phosphorus in the media increases, so does the amount of

82

phosphorus contained in the cell biomass. As can be seen in Figure 3.15 above, this
increase is linear (R2 = 0.99977). The molar amount of carbon and nitrogen increases,
and then decreases slightly at the highest level of phosphorus. In Watson et al.’s work,
the amount of carbon and nitrogen increased linearly with the increasing initial
concentration of inorganic carbon, while phosphorus had a nonlinear relationship to the
initial TIC content.
In regards to the molar C:N:P ratio, which was normalized to the amount of
phosphorus, as the initial phosphorus concentration level in the media increases, the
normalized molar amount of both carbon and nitrogen and the calculated molecular
weight decrease.

45.00

y = -0.0573x2 + 0.843x + 36.473 10.00
R² = 0.96443
9.00

40.00

% Carbon in Cell

7.00

y = -0.0062x2 - 0.0193x + 5.2439
R² = 0.96683

30.00

6.00

25.00

5.00

20.00

4.00

15.00

3.00

10.00

Carbon
Nitrogen
Phosphorus

2.00

y = 0.562x-0.732
R² = 0.98461

5.00

% of N or P in Cell

8.00

35.00

1.00

0.00

0.00
0

5

10

15

20

25

Inverse Initial P Concentration [L/mg]

Figure 3.16: Elemental composition of cells versus inverse phosphorus concentration.
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The levels of phosphorus in the reactors were originally spaced evenly as inverse
phosphorus concentrations to ease the use of the Lineweaver-Burk technique. Adjusting
the graphs to use inverse phosphorus concentrations yields better fits of the lines (Figure
3.16 above). The above relationships all have R2 values above 0.96. A linear model on
the N versus 1/P data set also fits well (R2 = 0.922), with the equation y = -0.1411*x +
5.4188.
Watson et al.’s work shows a potential correlation between the initial carbon
concentration in the media and the levels of phosphorus. Based on this study, it appears
that a similar relationship may be present between the initial phosphorus concentration
and the carbon content of the biomass. As the concentration of phosphorus in the media
approached zero, the C:P and N:P ratios in the media increased dramatically (from 6.41
to 878 for C:P and 76.8 to 10,527 for N:P). In a similar trend, as the initial phosphorus
concentration decreased, less phosphorus taken up by the cells, and the cellular ratios
increased from 33.9 to 1266 and from 4.03 to 85.5 for C:P and N:P respectively.
The C:P ratio of the cells was consistently higher than that of the media, which
agrees with the findings of Watson for an open reactor (2009). In this case, however, the
change in the C:P ratio is far more pronounced. Both the media and cell C:P ratios have a
power relationship to the initial phosphorus concentration (R2media = 0.99995 and R2cell =
0.979). This relationship is linear when the inverse phosphorus concentration is used as
the x-axis (R2media = 0.99995 and R2cell = 0.971).
Thus, if algae are to remove phosphorus from water, a higher concentration of
phosphorus in the media would be more conducive. However, if one wished to sequester
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carbon, it seems that a lower concentration of phosphorus may prove optimal.

Closed Reactor Observations

The following analysis discusses observations from the closed reactor study. This
includes discussion on the OD and TSS relationship and the pH and TIC trends in the
reactors.
A standard curve was used to convert optical density (OD) readings to biomass
concentrations as total suspended solids (Figure 3.17). The curve was developed from a
reactor at Level 3 of the phosphorus concentration for the closed reactors.
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Figure 3.17: TSS vs. OD Standard curve for closed reactors.

To convert from OD to TSS, the following equation was used, where OD is the
optical density at 750 nm and TSS is in mg/L:
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𝑇𝑆𝑆 =

𝑂𝐷
9.58 ∗ 10!!

This value is lower for the closed reactors than for the limited diffusion
reactors. This means that for the same amount of biomass, the optical density for the
closed reactors would differ from that of the limited diffusion reactors. For a given TSS
value, the OD measurement in the limited diffusion reactor study is greater than the OD
value for the closed reactor. After investigation, this may be due to the color difference,
as can be seen in Figures 3.18 and 3.19. Figure 3.18 shows the difference between
different levels of phosphorus, while Figure 3.19 shows the difference in biomass color
caused by limiting CO2 diffusion.

Figure 3.18: Color difference between reactors in Study 2, from left to right – Reactor 3;
Reactor 2; Reactor 4; and Reactor 1.
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Figure 3.19: Color difference between different studies, from left to right - closed reactor;
reactor with foam stopper; limited diffusion reactor.
The pigments of yellow-brown shades of algae do not absorb as strongly as the
green shades do at the upper wavelengths (Rabinowitch & Govindjee, 1969; Hoax &
Blinks, 1950). Therefore the OD reading at 750 nm will be lower for the closed reactors
and the lower levels of phosphorus as the color becomes a murkier shade.
The biomass concentrations in closed reactors are shown in Figures 3.20 and 3.21.
Reactor 1 data were omitted from Figure 3.21.
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Figure 3.20: Biomass concentration as TSS over time for all reactors in Study 1A
(closed).
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Figure 3.21: Biomass concentration as TSS over time for Reactors 2-4 in Study 1B
(closed).
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Figure 3.22: Total inorganic carbon concentration over time for all reactors in Study 1A
(closed).
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Figure 3.23: Total inorganic carbon concentration over time for Reactors 2-4 in Study 1B
(closed).
In the closed reactors, the intention was to restrict CO2 from entering the reactor,
which enables analysis of kinetics of the algal growth as a function of limiting nutrients.
Theoretically, the TIC level should have fallen and the pH should have increased due to
the algal growth in the restricted environment. However, as shown in Figures 3.22 and
3.23, only in Reactor 3 of Run 1A and Run 1B did the TIC level drop. The other reactors
in Runs 1A and 1B show an increase of TIC (Figures 3.22 and 3.23). This implies those
reactors were either not fully sealed, allowing CO2 to diffuse in throughout the
experiment, or the sampling time was enough for CO2 to reestablish the previous
equilibrium level.
Due to this failure, this study was repeated for Reactor/Level 3 to collect more
usable data. These data are shown in Figures 3.24 - 3.29. Study 1A, Reactor 3, was used
as the reactor was properly sealed and did not allow excess CO2 to enter the reactor.
Study 1C* was a replicate run of Study 1A, Reactor 3, and was also properly sealed.
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Figures 3.24 and 3.25 plots both sets of data (Study 1A and Study 1C*). These figures
display the similarity between the biomass concentration and the rates of growth. As seen
below, both have comparable trends. Study 1C* has the cleaner set of biomass
concentration data. Thus Study 1C* shows a clear trend in Figure 3.25 for the lag and
growth phases of the algae.
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Figure 3.24: Change in biomass (as TSS) over time for Study 1A, Reactor 3, and Study
1C*.
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Figure 3.25: Natural log of biomass change over time, from which estimations of the
specific growth rate can be determined.
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Figure 3.26: The changes in pH over time for Study 1A, Reactor 3, and Study 1C*.
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Figure 3.27: Changes in alkalinity over time for Study 1A, Reactor 3, and Study 1C*.
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Figure 3.28: Total inorganic carbon concentration over time for Study 1A, Reactor 3, and
Study 1C*.
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As seen in Figures 3.26 and 3.27, the pH increases and alkalinity remains
relatively constant. This trend makes sense as algal growth will increase the pH. Figure
3.28 illustrates how the total inorganic carbon concentration decreased as the algae
utilized it as a carbon source.
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Figure 3.29: Changes in phosphorus concentration over time for Study 1A, Reactor 3, and
Study 1C*.
The phosphorus concentration in both replicates decrease over time, although
Study 1C* yielded a better measurement at time zero; that is, one that was closer to the
intended initial concentration of 1 mg L-1 P.
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Comparison of Reactors with Limited CO2 Diffusion

The following analysis will address the objective of comparing the impact of CO2
diffusion into the reactor by providing evidence of how a foam stopper can restrict CO2
entry into the reactor.
The data collected for Study 2, the limited diffusion reactor, yielded biomass
concentration values that at 1000 hours were only 12% of the concentration of Watson et
al.’s study (2016). Besides the phosphorus levels, the only difference in the reactor set up
was the use of foam stoppers to prevent contamination by other algal species. Watson, et
al.’s experiment had completely open reactors. For this reason, a repeated trial was run of
Level 3 with one reactor closed (A), one reactor completely open (Reactor B) and another
that had a foam stopper (Reactor C) in order to relate this study to the previous one.
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Figure 3.30: OD values over time for closed (A), open (B), and limited diffusion (C)
reactors.
By 10 days (240 hours), the OD measurements of the two reactors were
significantly different, although they were already diverging by 8 days (Figure 3.30). By
the end of the trial, the open reactor (Reactor B) had an OD value of 0.272, which was
almost double the OD value of Reactor C (0.146). Likewise, the biomass concentration of
B (163.8 mg L-1 TSS) was almost double that of Reactor C (87.9 mg L-1 TSS). At 384
hours, Watson et al.’s average biomass concentration was 180 mg L-1 TSS, only about
10% greater than the 164 mg L-1 TSS in Reactor B. This seems to account for the
difference between the numbers yielded in this study versus those in Watson et al.’s 2016
study, and strongly implies that the foam stopper impeded diffusion of CO2 into the
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reactor. Figure 3.30 includes data from Reactor A, a retrial of the closed study for Level
3. This highlights the difference between the biomass concentrations of each reactor
depending on the restriction of CO2 entry.
Using the calibration curves developed previously (Figures 3.1 and 3.17), the OD
data for Reactors A and C (Figure 3.30) were converted to biomass concentrations
(Figure 3.31). Although the OD measurements of Reactor A were less than those of
Reactor C, the biomass concentration in Reactor A is greater than that of Reactor C. This
implies that the OD measurement may be impacted by the color of the cells as well as the
concentration of biomass in the media.

100

Total Suspended Solids [mg/L]

90
80
70
60
50

Reactor A

40

Reactor C

30
20
10
0
0

50

100

150

200

250

300

350

400

450

Time [hr]

Figure 3.31: Biomass concentration as TSS over time for closed (A) and limited
diffusion (C) reactors.
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Figure 3.32: Comparison of the pH values of the reactors with (C) and without (B) a
foam stopper.
Other parameters also indicated a restriction of CO2 diffusion. Comparing the pH
in each reactor, there is a clear difference. As Figure 3.32 shows, the pH in reactor C is
higher than in reactor B by roughly one pH unit. This also supports the conclusion that
the foam stopper was restricting the diffusion of CO2, as a closed reactor will have higher
pH. The original results of the limited diffusion and completely closed studies exhibit this
trend as well. As mentioned before, a reactor with limited CO2 diffusion will have either
decreasing or steady alkalinity as the microbes grow, a trend displayed in this research
(Appendix B).
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Figure 3.33: Comparison of the TIC values of the reactors with (C) and without (B) a
foam stopper.
Using the alkalinity and pH values measured, the concentration of TIC was
calculated. As shown in Figure 3.33, the TIC content of Reactor C was far lower than that
of Reactor B. The TIC content of Reactor B was over twice that of Reactor C. At 335
hours, the TIC content of Reactor C was 74% of the TIC content in Reactor B, and at 383
hours it was 58% of Reactor B’s. Without CO2 diffusing into the reactor, there is no way
to replenish the TIC used by the algae. Therefore, in a closed reactor, the TIC will
decrease. Thus the foam stopper was indeed limiting CO2 entry, because otherwise the
TIC level of Reactor C should have been roughly the same level as Reactor B. As a note,
the open reactor (Figure 3.34, bottom) had a higher level of contaminating species,
mainly Chlorella, than the reactor with a foam stopper (Figure 3.34, top). Thus, the foam
stopper served its intended purpose, despite the impact on transfer of CO2.
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Figure 3.34: (Top) Reactor with the foam stopper; (Bottom) completely open reactor.
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Protein Content of Algal Biomass

The following analysis discusses the protein content of the algal biomass
produced during the limited diffusion study. It also examines the possible impact of
initial phosphorus concentration on the protein content.
The elemental analysis yielded the amount of Total N, and simply multiplying
this value by the nitrogen factor yields the percent of protein. In this case, the suggested
average value of 4.44 from Lopez, et al. (2010) was used as a better estimate for algae
than the normal N-factor of 6.25. This value of 4.44 (Lopez, et al., 2010) agrees with
another study that found a value for the freshwater green alga Chlorella minutissima to be
4.25 (Lourenco, et al., 2004). Table 3.13 and Figure 3.35 show the amount of protein
calculated for each factor.

Table 3.13: Amount of protein in algal biomass, comparing the usual N-factor versus one
for algae.
Initial P
Protein [%]
Protein [%]
Concentration (N-factor =
(N-factor =
[mg/L P]
6.25)
4.44)
0.05
15
10.7
0.1
27.4
19.5
1
34.6
24.6
7
31
22.0
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Figure 3.35: Protein content with increasing initial phosphorus concentration in the
media, using the usual N-factor (6.25) and the adjusted N-factor (4.44).
As seen in Figure 3.35, the amount of protein has a nonlinear relationship to the
initial concentration of phosphorus. It increases up until the highest concentration, where
it decreases slightly. The current fit is a polynomial line, but the R2 value (0.695) shows
that there is room for improvement. The fit and R2 value are the same for the calculated
protein content and the nitrogen content of the biomass. This is logical, because the
amount of nitrogen in the cells is converted to the protein content through a scalar
multiplication.
As before, the x-axis was adjusted to use the inverse phosphorus concentration,
yielding the results in Figure 3.36 below. This is a far better fit than in Figure 3.35 based
on the R2 values of 0.922 (Figure 3.36) and 0.670 (Figure 3.35).
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Figure 3.36: Protein content of cells graphed versus inverse phosphorus concentration.
Although a linear model may be cleaner to read, a polynomial model also fits the
transformed data in Figure 3.36 well (R2 = 0.967). Thus one could predict the protein
content based on the inverse of the initial phosphorus concentration, using either the
linear model in Figure 3.36 or a polynomial model.
Compared to previous studies, the protein content yielded by this experiment is
somewhere in the middle of current estimations for Scenedesmus quadricauda (Table
3.14 below).
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Table 3.14: Comparison of determined protein content to values from previous studies.
Protein [%] (Nfactor = 6.25)

Protein [%] (Nfactor = 4.44)

Media C:N:P Ratio
[mol]

47

-

-

4.38 – 9.55

-

8.7 : 0.52 : 1

47.2 – 54.1

33.5 – 38.4

12.2 : 12.7 : 1

15 - 34.6

10.7 – 24.6

6.4 : 76.8 : 1

Source
Al hattab & Ghaly,
2015
Abdelkhalek, et al.,
2016
Hindák & Přibil,
1968
This study

The study by Hindák and Přibil (1968) explicitly states the use of 6.25 as the Nfactor. Al hattab and Ghaly (2015) and Abdelkhalek et al. (2016) do not, and as such the
second column is blank instead of using the alternate factor of 4.44. It certainly appears
that the nutrient conditions affect the protein content of this strain of algae. Thus, while
the value of the protein content was not as high as would be preferred, it still shows
potential as a marketable product from this strain of algae, especially if grown under ideal
nutrient conditions.
As the initial concentration in the media appears to impact the final algal
composition, this implies that the media components are a tool that can control the
products. Either a system with a specific media could be designed to yield a certain
product, or the products could be predicted depending on the media composition. Then
the process could better control and monitor the products.
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SUMMARY

Experiments were conducted to investigate the impact of phosphorus levels in the
media on algal growth and composition. A summary of the results follows.
1) Analysis of the limited diffusion study reactors (Study 2) revealed that the initial
phosphorus concentration, light intensity, and the interactions between the two are
significant (p < 0.001; p = 0.002, and p = 0.001, respectively) in regards to the biomass
yield. Use of LS Means and Student’s T test yielded that Reactor 4 is statistically
different from the other three (p < 0.001), but Reactors 1-3 are not statistically different
from each other (p = 0.1179). The difference in rate of growth between the four reactors
was not statistically significant (p = 0.3934). The data were used to fit two potential
predictive models for biomass yield based on the initial phosphorus concentration (R2 =
0.942). The calculated biomass yield was 245.7 mg biomass/mg P from the molar C:N:P
ratio and 245.4 mg biomass/mg P using a graphical method.
2) There is a linear relationship between the initial concentration of phosphorus and the
phosphorus content of the cells (R2 = 0.99977). Neither the carbon nor nitrogen content
corresponds linearly to the phosphorus concentration in the media, although overall they
too increase with increasing initial P concentration. This implies a connection between
the carbon content and initial phosphorus concentration.
3) Reactor 3 in Study 1A and 1B showed the correct decreasing trend in TIC
concentration, so a triplicate trial was run. A specific growth rate of 0.0098 hr-1 was
found for the reactor containing 1 mg L-1.
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4) One study evaluated the impacts of limiting CO2 diffusion by comparing a reactor with
a foam stopper versus a completely open reactor. In conclusion, the growth is highly
restricted in the reactor with a foam stopper due to the restriction of CO2 diffusion. The
reactor with a foam stopper had a pH that was roughly one pH unit higher and a TIC
content that was approximately 45% of the TIC content of the completely open reactor.
Despite this pitfall, it did reduce contamination of the culture, as was intended. The same
TSS values have different OD values in the limited diffusion and closed reactors,
possibly due to the difference in color of the algal biomass.
5) The protein content of the cells has the same relationship to the phosphorus
concentration that nitrogen content does. The yielded protein contents range from 15 34.6% and 10.7 - 24.6% for an N-factor of 6.25 and 4.44, respectively. The protein
content is not as high as desired, but it demonstrates the effect of media composition on
the biochemical composition of the biomass. The values yielded from this study imply
potential for protein as a marketable product.

CONCLUSIONS

Based on the data, phosphorus levels appear to have an impact on the growth and
composition of algae. This has implications for treatment of eutrophicating waters and
potential products developed from the algal biomass, such as a fuel feedstock or a protein
supplement. This research also supports a previous study that implies a connection
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between the carbon and phosphorus cell contents and the original media composition,
which could potentially affect the amount of carbon sequestered.
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CHAPTER FOUR
MODELING OF FRESHWATER ALGAL GROWTH

ABSTRACT

The ability to model the growth of algae and the change in concentration of
various nutrients could aid in design and optimization of algal bioreactors for waste
treatment or biomass production. A model was previously developed by Watson (2009)
to work towards this goal, although Watson’s focused solely on carbon as the limiting
nutrient and carbonate species for the nutrient output. This study modified the model to
include phosphorus as well as carbon. The model was also updated to have more flexible
code for user input.
The model for phosphorus utilization allowed MATLAB to predict the specific
growth rate of the algal species based on a multiple nutrient-limiting Monod model. This
then predicted the resulting changes in the biomass and phosphorus concentrations
depending on the initial phosphorus concentration. The initial values for alkalinity, TIC,
and carbonate species were adjusted after accounting for phosphates in the alkalinity
measurement. This adjustment made slight improvements on the accuracy of the TIC,
CO32-, and HCO3- predictions. It also greatly improved the pH prediction. However, the
prediction still requires adjustments to the biomass, alkalinity, TIC and carbonate values.
The analysis of phosphorus showed that within a certain range the half-saturation
constant for phosphorus does not substantially affect the output of the model. Despite
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these successful changes, the model still needs adjustments to improve the recognition of
limitation by all nutrient species, especially carbonate and phosphorus.

INTRODUCTION

Photoautotrophic algae utilize phosphorus, nitrogen, and carbon dioxide to grow,
and in the process remove those nutrients from the water and air (Tarlan, et al., 2002;
Pittman, et al., 2011; Abdel-Raouf, et al., 2012). The method of biological carbon
sequestration is becoming a more prevalent topic for research as nutrient levels
worldwide fluctuate (Tester, et al., 2012; Chislock, et al., 2013; NASA, 2016; NOAA,
2016).
A past research project developed a MATLAB® model to predict biomass and
carbonate species concentrations in closed and open batch reactor systems (Watson,
2009). The purpose of this was to create a model that would aid in design and
optimization of algal systems for carbon mitigation. Watson (2009) states that after
calibration, the biomass, carbon dioxide (CO2) and bicarbonate (HCO3-) concentrations
were well predicted, while the carbonate (CO32-) concentrations were under predicted
after 50 hours. For closed reactors, the Monod model with the CO2/HCO3-/CO32substitutable substrates model best predicted the length of exponential growth and
biomass concentration. For open reactors, it was concluded that the CO2/HCO3-/CO32substitutable substrates model was best (Watson, 2009).
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The goal of this paper is to add a portion to the model that represents the impact
of phosphorus concentration on growth. This paper will present an updated model that
predicts biomass, carbonate species, and phosphorus concentrations in closed systems to
aid in the design of nutrient sequestration systems. The objectives of the research were as
follows:
1) Use an existing carbonate model for freshwater algal growth and add a simple model
of phosphorus utilization.
2) Evaluate the effectiveness of the model in prediction of algal biomass and nutrient
concentrations.
3) Improve the model by updating user input code for better flexibility.

MODEL DEVELOPMENT

Addition of Phosphorus Terms to Model

Watson (2009) developed a model of freshwater algal growth as a function of
inorganic carbon content of the media. This study focused on adding a representation of
phosphorus use into the model. The rest of this section explains how the model was
expanded to complete the objective of incorporating a simplistic model of phosphorus
into the code.
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Addition of Phosphorus into the Monod Model for Growth

The equations below are the Monod equations to determine the specific growth
rate of the algae. These equations are the same as in Watson’s study (2009) except for the
phosphorus term, as explained below.
𝜇!"! = 𝜇 ∗

𝜇!"#! = 𝜇 ∗
𝜇!"! = 𝜇 ∗

[𝐶𝑂! ]
𝐼
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∗
∗
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∗
∗
∗
𝐾! !"! + [𝐶𝑂! ]
𝐾! !"! + [𝐶𝑂! ]
𝐾! ! + 𝐼
𝐾! ! + [𝑃]

𝜇!"! is the specific growth rate of the algae in terms of CO2, and 𝜇 is the
maximum specific growth rate for the species. The first parenthetical term represents the
Monod ratio for CO2 and the second is the Monod ratio for light. Phosphorus is a
complementary nutrient to carbon in regards to algal growth. To add it into the model, the
rest of the equation is multiplied by the Monod term for phosphorus. For all Monod
equations within the model, the impact of phosphorus was added by multiplying by the
Monod term for phosphorus.
𝜇!"#! is the specific growth rate of the algae in terms of HCO3-, and 𝜇 is the
maximum specific growth rate for the species. The first parenthetical term represents the
Monod model for HCO3-. The second and third are the inhibition term for CO2 and the
Monod ratio for light, respectively. CO2 acts as an inhibitor because it is a substitutable
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substrate for HCO3-. Phosphorus (the fourth term) is a complementary nutrient to carbon
in regards to algal growth.
𝜇!"! is the specific growth rate of the algae in terms of CO32-. The terms for this
equation are the same as for 𝜇!"#! , except that the first parenthetical term represents the
Monod model for CO32-. As with HCO3-, CO2 acts as an inhibitor because it is a
substitutable substrate for CO32-.

Development of Mass Balance Equations for Phosphorus

A basic mass balance equation was used as the starting point for the derivation.
𝑑[𝑃] 𝑄! 𝑃!
𝑄! 𝑃!
=
−
±
𝑑𝑡
𝑉
𝑉
Where

![!]
!"

= accumulation term of phosphorus in the system, [mol P/L-hr]

!! !!
!
!! !!
!

𝑟

= bulk flow of phosphorus into system, [mol P/L-hr]
= bulk flow of phosphorus out of system, [mol P/L-hr]

Σ r = total reactions in system that produce or consume phosphorus, [mol P/L-hr]
V = volume of the system, [L]

From here, it was assumed that the terms

!! !!
!

and

!! !!
!

are equal to zero, as in a

batch reactor there are no bulk flows in or out. Thus the accumulation of phosphorus in
the media is dependent on the reactions alone.
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𝑑[𝑃]
= ± 𝑟! ± 𝑟! … ± 𝑟!
𝑑𝑡
For this model, the following assumptions were made: (1) no precipitation of
phosphorus is occurring and (2) phosphorus remains in a form that is readily available for
algal uptake.
The reaction incorporated was phosphorus utilization through cell growth. This
was modeled through Monod kinetics. This assumes that the nutrient utilization is
directly tied to the growth rate through a nutrient-to-biomass factor.
𝑟! = 𝑃!"#$#%&"#'( = 𝑃!"#$%& ∗ 𝑟!" = 𝑃!"#$%& ∗ 𝜇 ∗ [𝑋! ]
Where Putilization = use of phosphorus by cell growth, [mol P/L-hr]
Pfactor = factor relating phosphorus to biomass, [mol P/mol biomass]
µ = specific growth rate, [1/hr]
[XB] = amount of biomass, [mol biomass/L]

For this model, the rate of biomass formation (𝑟!! ) will be calculated slightly
differently based on how Watson developed the original model. Watson’s overall growth
rate was broken down based on carbonate species:
𝑟!",!"#$%&'"( = 𝜇!"! ∗ 𝑋! + 𝜇!"#! ∗ 𝑋! + 𝜇!"! ∗ 𝑋!
Where each specific growth rate is calculated through the equations previously
discussed. Each component of biomass formation must be accounted for in the
phosphorus utilization term. Therefore the equation was written as follows:
𝑃!"#$#%&"#'( = 𝑃!"#$%& ∗ 𝜇!"! ∗ 𝑋! + 𝜇!"#! ∗ 𝑋! + 𝜇!"! ∗ 𝑋!
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When integrated into the overall mass balance equation, the Putilization reaction was
subtracted, as phosphorus utilization removes phosphorus from the system. Therefore, the
final mass balance equation for phosphorus in a closed batch reactor system was:
𝑑[𝑃]
= − 𝑃!"#$#%&"#'(
𝑑𝑡
= − 𝑃!"#$%& ∗ 𝜇!"! ∗ 𝑋! + 𝜇!"#! ∗ 𝑋! + 𝜇!"! ∗ 𝑋!

Species Contributing to Alkalinity

Alkalinity is a measurement of the acid-neutralizing capacity of a sample. As such
it is often measured through titration like the Titration Method (2320 B) in Standard
Methods for Water and Wastewater Treatment (APHA, 1999). In this procedure, 0.02 N
H2SO4 is used to titrate the solution until the pH reaches 4.5 (APHA, 1999). This pH
value is the point where only carbonic acid exists – no carbon is available as bicarbonate
or carbonate. At that point the only remaining alkalinity would be contributed by noncarbonate species. Thus to determine total alkalinity the titration ends when the pH
reaches 4.5 (EPA, 2012).
The volume of acid titrated is proportional to the alkalinity value for the sample
tested. The equation shown in Appendix A relates the volume of acid titrated to the
alkalinity value (APHA, 1999). The following equation is the definition of alkalinity for
carbonate-based systems (Stumm & Morgan, 1981).
𝐴𝐿𝐾 = 𝐻𝐶𝑂! ! + 2 𝐶𝑂! !! + 𝑂𝐻! − 𝐻!

120

For carbonate systems the resulting alkalinity value is then used to calculate the
total inorganic carbon. From there the concentrations of the carbonate species are
determined. The titration does not distinguish between which species contribute to
alkalinity. The assumption made for freshwater systems is that the alkalinity is only
added through bicarbonate, carbonate, and hydroxyl ions. Thus the alkalinity, pH, and
TIC are tied together and the TIC is calculated using the following carbonate chemistry
equations from Stumm & Morgan (1981):
𝐶! =

𝐴𝐿𝐾 − 𝑂𝐻! + [𝐻! ]
𝛼! + 2𝛼!

[𝐻! ]
𝐾!
𝛼! =
+1+ !
𝐾!
[𝐻 ]
[𝐻! ]! [𝐻! ]
𝛼! =
+
+1
𝐾! 𝐾!
𝐾!

!!

!!

Where CT = total inorganic carbon concentration, mol/L
[ALK] = alkalinity, mol equ/L
[OH-] = hydroxyl ion concentration, mol/L
[H+] = hydrogen ion concentration, mol/L
K1 = equilibrium constant for dissociation of carbonic acid = 10-6.3 at 25°C
K2 = equilibrium constant for dissociation of bicarbonate = 10-10.25 at 25°C

Based on the study by Watson (2009), the alkalinity values predicted through the
model do not match the experimental values. The predictions are higher than the actual
values. The aforementioned assumption of carbonate-based alkalinity was followed in
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Watson’s study (2009). In the model, the alkalinity was predicted based on the carbonate
species and their usage by the algal cells (Watson, 2009). The discrepancy between the
values implies that the experimental measurement may include species beyond
bicarbonate, carbonate and hydroxyl ions. This would then inflate the values of the
calculated TIC and carbonate species.
Reviewing the composition for the modified BG-11 media (Conwell, 2005), likely
contributors to alkalinity beyond the carbonate species are NaNO3, K2HPO4, MgSO4, and
CaCl2. Phosphates are known to play a larger role in alkalinity in seawater and so are
more likely to have a higher impact (Lower, 1996). The BG-11 media is designed to have
a high concentration of nitrates (Bigelow, 2017) and so NaNO3 is another species that is
likely to impact the measurement. Measurements were done which confirm this
implication. Phosphates were the largest contributors and nitrates contributed the second
most. Both MgSO4 and CaCl2 did contribute to the alkalinity, but at a much lower
magnitude. Since they have a lower concentration and contribution, they are excluded
from this model. This is further discussed below.

Phosphorus Contribution to Alkalinity Measurements

One issue with Watson’s original model that was not resolved was the
discrepancy between predicted and experimental values for the carbonate species
concentrations and the alkalinity. The issue with the carbonate species begins with the
alkalinity, since TIC is calculated based on alkalinity and pH as follows:
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𝑇𝐼𝐶 =

𝐴𝐿𝐾 − 𝑂𝐻! + [𝐻! ]
𝛼! + 2 ∗ 𝛼!

If the alkalinity measured included more than the carbonate species, then the TIC
estimation would be inflated. Thus the alkalinity would need to be corrected before
calculating the TIC.
Upon testing of each media component, it was found that the phosphates in the
media contribute to the alkalinity measure. The alkalinity added by phosphates on
average was 1.830x10-3 mol equ/L for every 0.04 g/L of K2HPO4. Converting this to a
more usable relationship:
!! 𝑚𝑜𝑙 𝑒𝑞𝑢
174.18 𝑔 𝐾! 𝐻𝑃𝑂! 1 𝑚𝑜𝑙 𝐾! 𝐻𝑃𝑂!
𝐴𝐿𝐾 1.830 ∗ 10
𝐿
=
∗
∗
𝑔
𝑃
1 𝑚𝑜𝑙 𝐾! 𝐻𝑃𝑂!
1 𝑚𝑜𝑙 𝑃
0.04 𝐾! 𝐻𝑃𝑂!
𝐿

= 7.9687

𝑚𝑜𝑙 𝑒𝑞𝑢
𝑚𝑜𝑙 𝑒𝑞𝑢
= 2.57 ∗ 10!!
𝑚𝑜𝑙 𝑃
𝑚𝑔 𝑃

The initial values were adjusted to account for the impact of phosphates on
alkalinity. Correspondingly, the TIC and carbonate species concentrations were affected.
This is because TIC is calculated using the pH and ALK measured, and that value is used
to calculate the concentration of CO2/H2CO3, HCO3-, and CO32-.

Nitrogen Contribution to Alkalinity Measurements

It was also found that the nitrates in the media contribute to the alkalinity
measure. The alkalinity added by nitrates was 3.2x10-5 mol equ/L for every 0.15 g/L of
NaNO3. Converting this to a more usable relationship:

123

!! 𝑚𝑜𝑙 𝑒𝑞𝑢
𝐴𝐿𝐾 3.2 ∗ 10
85 𝑔 𝑁𝑎𝑁𝑂! 1 𝑚𝑜𝑙 𝑁𝑎𝑁𝑂!
𝐿
=
∗
∗
𝑔
𝑁
1 𝑚𝑜𝑙 𝑁𝑎𝑁𝑂!
1 𝑚𝑜𝑙 𝑁
0.15 𝑁𝑎𝑁𝑂!
𝐿

= 0.0181

𝑚𝑜𝑙 𝑒𝑞𝑢
𝑚𝑜𝑙 𝑒𝑞𝑢
= 1.29 ∗ 10!!
𝑚𝑜𝑙 𝑁
𝑚𝑔 𝑁

The initial values were adjusted to account for this impact. This affected the same
species as the phosphate adjustment but to a lesser extent.

Other Model Additions

To further improve the model and increase its scientific accuracy, two more
details were added: a nitrogen balance and accounting for [H+] consumption during
nitrate usage.
The nitrogen balance was added to complete the prediction of the primary nutrient
concentrations for green algae. Nitrogen was assumed to not be limiting, and as such was
not included in the Monod growth model. Following the same logic as developing the
phosphorus mass balance equation, it was assumed that the nitrogen mass balance
equation reduces to a utilization term:
𝑑[𝑁]
= − 𝑁!"#$#%&"#'(
𝑑𝑡
= − 𝑁!"#$%& ∗ 𝜇!"! ∗ 𝑋! + 𝜇!"#! ∗ 𝑋! + 𝜇!"! ∗ 𝑋!
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As with phosphorus, the nitrogen use is tied to the biomass growth for all species
of carbonate. The nitrogen mass balance equation was added to the model code to keep
track of the nitrogen consumption. Any outputs for nitrogen are in Appendix G.
The second adjustment was to account for hydrogen ion consumption during
nitrate usage as the nitrogen source. Based on the Redfield ratio (1958), 18 moles of H+
are consumed for every 16 moles of NO3- consumed. This equation is per mole of
biomass formed. However, as Watson’s study showed, the Redfield ratio is not the
correct elemental ratio for this algal species. Therefore the ratio was adjusted to apply to
Watson’s resulting biomass (2009).
18 𝑚𝑜𝑙 𝐻!
1 𝑚𝑜𝑙 𝑅𝑒𝑑𝑓𝑖𝑒𝑙𝑑 𝑋! 1 𝑚𝑜𝑙 𝑁𝑂! !
1.25 𝑚𝑜𝑙 𝑁
∗
∗
∗
!
1 𝑚𝑜𝑙 𝑅𝑒𝑑𝑓𝑖𝑒𝑙𝑑 𝑋!
16 𝑚𝑜𝑙 𝑁𝑂!
1 𝑚𝑜𝑙 𝑁
1 𝑚𝑜𝑙 𝑊𝑎𝑡𝑠𝑜𝑛 𝑋!
= 1.41

𝑚𝑜𝑙 𝐻!
𝑚𝑜𝑙 𝑊𝑎𝑡𝑠𝑜𝑛 𝑋!
!"# ! !

As a note, XB represents biomass and the last conversion of 1.25 !"# !"#$%& !

!

was the elemental ratio determined in Watson’s study (2009). This adjustment allows the
model to more realistically account for changes in the hydrogen ion concentration during
algal growth.

Modeling Software

Algal growth models were developed by Watson (2009) using MATLAB®
R2007B software, using ODE23tb solvers and user-defined initial conditions. In this
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project, these models were updated and adjusted to include a simple phosphorus model in
MATLAB® R2017B. The MATLAB code is included in Appendix F.

Model Inputs

The model includes various constant parameters – some are kinetic constants and
others are user inputs such as the initial values. The following section summarizes the
parameters used and explains certain choices in the model development process. Table
4.1 below lists the kinetic constants in the carbonate system used by the MATLAB®
model.
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Table 4.1: Summary of kinetic constants for carbonate system reactions at 25°C in
freshwater from Watson & Drapcho, 2009.
Kinetic Rate Constant
Value
Units
Source
k+
3.550 x 10-2
s-1
Portielje & Lijklema, 19951
k7.983 x 104
M-1*s-1
Calculated2
k+3
9.164 x 106
s-1
Calculated3
10
-1 -1
k-3
4.7 x 10
M *s
Eigen and Hammes, 1963
k+4
8.053 x 103
M-1*s-1
Sirs, 19584
-4
-1
k-4
1.824 x 10
s
Calculated5
k+5
2.344
s-1
Calculated6
10
-1 -1
k-5
5 x 10
M *s
Zeebe and Wolf-Gladrow, 20017
k+6
6 x 109
M-1*s-1
Eigen, 19648
6
-1
k-6
1.292 x 10
s
Calculated9
k+7
1.410 x 10-3
M*s-1
Calculated10
11
-1 -1
k-7
1.4 x 10
M *s
Eigen, 1964
1
(10.685-3618/T)
Calculated using k+ = 10
, where T is absolute temperature (K).
2
Calculated using K1= k+/k-, where K1 is the equilibrium constant for equation 4 and pK1
= 6.352 (Harned & Davis, 1943).
3
Calculated using KH2CO3 = k+3/k-3, where KH2CO3 is the equilibrium constant for equation
2 and pKH2CO3 = 3.71 (Wissbrun, et al., 1954).
4
Calculated using k+4 = 10(13.589-2887/T), where T is absolute temperature (K).
5
Calculated using k-4 = k+4*KW/K1, where KW is the equilibrium constant for equation 8
and pKW = 13.997 (Edsall, 1969).
6
Calculated using K2=k+5/k-5, where K2 is the equilibrium constant for equation 6 and pK2
= 10.329 (Harned & Davis, 1943).
7
Value for k-5 assume to be approximately equal to k-3 since no experimental data
available.
8
Value measured by Eigen (1964) at ionic strength of 1.0 M. No value for freshwater
found in literature.
9
Calculated using K3 = k+6/k-6, where K3 is the equilibrium constant for equation 7, and
pK3 = -3.667 (Hikita et al., 1976).
10
Calculated using KW = k+7/k-7.

A study by Grover (1989) states a value of KP = 0.035 µmol L-1 P for
Scenedesmus quadricauda, which is roughly equivalent to 0.00108 mg L-1 P. The 95%
confidence limit ranges from 0.0043 - 0.50 µmol L-1 P, which is roughly equivalent to a
range from 0.000133 to 0.0155 mg L-1 P. The reported value of 0.035 µmol L-1 P was
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used in the model (Table 4.2). Table 4.2 lists the other kinetic parameters used, while
Table 4.3 lists the kinetic parameters associated with light as a limiting factor of biomass
growth.

Table 4.2: Kinetic parameters describing inorganic-carbon-limited freshwater algal
growth (values from Watson, 2009).
Parameter
Units
Value
b

hr-1

µ max1
hr-1
KCO2
mol/L C
KHCO3
mol/L C
KCO3
mol/L C
1
µmax independent of inorganic carbon source

0.00285

0.0726
4.47 x 10-8
3.88 x 10-4
8.70 x 10-4

Table 4.3: Kinetic and physical parameters describing light-limited freshwater algal
growth (reprinted from Watson 2009).
Parameter
Units
Value
2
I0
µE/m -s
121
2
KS,I
µE/m -s
45.91
KM
m-1
1.972
KB
M2/g
0.05752
d
m
0.232
1
From Conwell and Drapcho (2005) for a similar mixed freshwater algal culture.
2
From Benson and Rusch (2006) for Selenastrum capricornutum. Authors cite similar
values for other types of algal biomass.
Analysis of the elemental composition of the closed reactor biomass in this study
was not feasible given the low amount of biomass produced. The data from Reactor 4 (7
mg/L P) of the limited diffusion study and open reactor data from Watson (2009) were
compared in Chapter 3. The elemental compositions of the above data sets are
comparable (14-21% difference). The assumption was made that using the C:N:P ratio
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from Watson’s study would be an acceptable approximation (2009). The C:N:P ratio for
the closed batch reactor at an initial TIC concentration of 75% C was used.

Table 4.4: Stoichiometric parameters describing TIC-limited freshwater algal growth for
closed batch reactors (values from Watson, 2009).
Parameter
Units
Carbon Level
75% C
x
mol C/mol X
7.67
y
mol N/mol X
1.25
z
mol P/mol X
1
Molecular weight
g/mol
353.8

The above parameters are related to the molecular weight by using the following
generalized equation for algal biomass:
𝐶𝐻! 𝑂

!

𝑁𝐻!

!

𝐻! 𝑃𝑂!

!

Therefore:
𝑀𝑊!"#!$ = 𝑥 ∗ 𝑀𝑊!!! ! + 𝑦 ∗ 𝑀𝑊!!! + 𝑧 ∗ 𝑀𝑊!! !!!
Where 𝑀𝑊!!! ! , 𝑀𝑊!!! , and 𝑀𝑊!! !!! are the molecular weights of each
compound, and 𝑀𝑊!"#!$ is the molecular weight of the algal biomass.
Table 4.5 shows the original initial concentrations of different species measured
by Watson (2009) and in this study. These values were adjusted to account for phosphate
contribution to the alkalinity measurement. Table 4.6 shows the adjusted values, which
were used in MATLAB® as the starting conditions.
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Table 4.5: Measured initial values from closed batch reactors.
Species
Units
Carbon Level
75% C2
CO2
mol/L C
1.032E-07
HCO3
mol/L C
1.032E-03
CO32mol/L C
1.158E-03
+
H
mol/L
5.012E-11
OHmol/L
1.995E-04
H2 O
mol/L H2O
55.5
TIC
mol/L C
2.190E-03
XB 1
mol/L biomass
1.091E-05
P
mol/L P
2.260E-04
1
Initial mass-based biomass concentrations were converted to a molar basis using
experimentally determined MW values.
2
Data from Watson (2009).
Table 4.6: Initial values used for the closed batch reactor model (including adjustment of
ALK for phosphates).
Species
Units
Carbon Level
75% C2
CO2
mol/L C
4.589E-08
HCO3mol/L C
4.588E-04
2CO3
mol/L C
5.148E-04
H+
mol/L
5.012E-11
OH
mol/L
1.995E-04
H2 O
mol/L H2O
55.5
TIC
mol/L C
9.737E-04
XB 1
mol/L biomass
1.091E-05
P
mol/L P
2.260E-04
1

N

mol/L N

1.76E-02

Initial mass-based biomass concentrations were converted to a molar basis using
experimentally determined MW values.
2
Data from Watson (2009).
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CLOSED BATCH REACTOR MODEL

Model Verification

This section addresses the objective of evaluating the effectiveness of the model
in predicting the algal biomass and nutrient concentrations. Verification of the model was
done using the closed reactor data at 7 mg/L of phosphorus and 75% initial TIC. The data
used came from Watson’s 2009 study. Any values for the phosphorus concentration come
from this study.
The prediction for biomass concentration was under-predicted after 48 hours
(Figure 4.1). The lower values predicted is due to the initial TIC concentration dropping
after removing the influence of phosphates on the alkalinity. Given that this is roughly
one third of the experimental values, this indicates that one of the constants may not be
accurate or a factor was missing.
The TIC prediction is also under-predicted despite having a trend that matches
that of the experimental data (Figure 4.3). The prediction is closer to the actual values
than they were in the Watson model (2009), due to the initial adjustment in alkalinity to
account for phosphates in the measurement. This can be seen by comparing the residuals
produced in the updated model to those produced by the older model. Those produced by
the new model are all within 6.4x10-4 mol/L (Figure 4.4), while Watson’s residuals were
within 1x10-3 mol/L.
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The CO2 concentration predicted matches with the experimental values (Figure
4.5). CO2 is utilized first and so will quickly drop to zero (Watson, 2009). HCO3- is still
slightly under-predicted, although the trend of the curve matches that of the experimental
data (Figure 4.7). The carbon dioxide prediction line appears to be very similar to those
projected by Watson’s code. The bicarbonate prediction residuals are now all within
1.2x10-4 mol/L, with 6 of the 8 residuals less than 7.6x10-5 mol/L. Watson’s residuals for
HCO3- were less than 2x10-4 mol/L (Figure 4.8).
Carbonate is severely under-predicted after the 72-hour mark (Figure 4.9). The
prediction is closer now than with Watson’s original code. The new code yields residuals
that are within 5.7x10-4 mol/L while previously they were only less than 1x10-3 mol/L.
The main reason that this remains under-predicted is because the model does not properly
recognize the limiting nutrient. The code runs until the level of carbon goes to zero, but in
this case the low phosphorus concentration should have slowed or stopped the growth
before then. This occurs because the MATLAB solver as default runs in varying time
increments.
For the lower concentrations of phosphorus, the time steps are too large at the
point when the phosphorus is low and the program “jumps” over the time when [P] = 0.
Thus the prediction for the phosphorus concentration goes negative. Negative values are
physically impossible. However, MATLAB runs based on matrices and mathematics, and
negative values are mathematically possible. This problem was addressed by adding a
boundary to ensure that the concentration values were positive (physically possible).
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Figure 4.15 further illustrates the issue regarding the phosphorus concentration.
The phosphorus concentration is predicted to plateau slightly above 3 mg/L. The
experimental data tended to plateau around 0.5 mg/L, which implies that the predicted
values are too high. Also, the rate of P usage is predicted to be much slower than the
experimental values show. Less phosphorus usage is predicted due to the lower amount
of biomass produced in the model. If more biomass were produced, the amount of
phosphorus used would increase. It is possible that if the issue with this part of the model
were resolved, it would also improve the CO32- concentration prediction.
After the adjustment of the initial alkalinity value, the predicted alkalinity
changed more than expected from the original code (Figure 4.11). The main differences
are that the predicted values plateau before the experimental values do and that the
experimental values are larger than the predicted values after 72 hours. This is a reversal
from the original code, which over-predicted the alkalinity. The drop in alkalinity is
primarily due to the removal of phosphate influence on the alkalinity. The adjustment for
nitrate contribution is smaller and so has a lesser impact.
The pH prediction greatly improved from the original code by adjusting the initial
alkalinity to remove phosphates. Comparing the residuals from the original code to the
updated code shows supports this. All residuals for the updated code are within 0.25 pH
units, and 5 out of 8 are less than 0.1 (Figure 4.14). The original code had residuals that
are within 0.5 pH units, with 6 of the 8 values greater than 0.2. The pH values are now
very accurately predicted (Figure 4.13).
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Overall, a model for phosphorus was successfully added. The predicted values of
the pH were greatly improved by adjusting the initial alkalinity to account for phosphates
measured as alkalinity. This adjustment was not as impactful as desired in that the
alkalinity, TIC, and CO32- concentration are under-predicted and the biomass prediction
is now under-predicted by a factor of around 3. The model still needs adjustments to
improve the recognition of limitation by all nutrient species. The P and CO32concentration predictions could potentially be improved if the biomass factors were
adjusted and the model was fine-tuned to accurately predict the limitation caused by low
phosphorus concentrations.
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Figure 4.1: Predicted and actual values of biomass concentration.
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Figure 4.2: Residuals for biomass concentration.
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Figure 4.3: Predicted and actual values of TIC.
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Figure 4.4: Residuals for TIC.
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Figure 4.5: Predicted and actual values of CO2 concentration.
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Figure 4.6: Residuals for CO2 concentration.
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Figure 4.7: Predicted and actual values of HCO3- concentration.
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Figure 4.8: Residuals for HCO3- concentration.
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Figure 4.9: Predicted and actual values of CO32- concentration.
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Figure 4.10: Residuals for CO32- concentration.
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Figure 4.11: Predicted and actual values of alkalinity.
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Figure 4.12: Residuals for alkalinity.
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Figure 4.13: Predicted and actual values of pH.
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Figure 4.14: Residuals for pH.
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Figure 4.15: Predicted values of phosphorus concentration.

Model Comparisons

Four initial concentrations of phosphorus were used in the model to test that there
was a difference in the predicted values for phosphorus concentration. The rest of the
initial nutrient species values used were from Watson’s study (2009). For the lower
concentrations (0.05 and 0.1 mg/L of P), the predictions for TIC, CO2, HCO3-, CO32-,
alkalinity, and pH do not change much from the initial value. This is because the model
predicts very little growth and therefore there would not be much change in the
conditions. The prediction for 1 mg/L of P shows a slight change in the various species
concentrations, but they still plateau after 24 hours. These graphs are in Appendix G, and
Figures 4.1 - 4.15 display the graphs for the 7 mg/L of P prediction.
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The biomass and P concentrations are more affected by the changing initial P
concentration. Figures 4.16 and 4.17 show the biomass concentrations. Since the Level 4
prediction is relatively high, Figure 4.17 shows the lower three levels for better visibility.
All four levels have the same trend of an increase in biomass and then a turn into
decreasing concentration. The highest level of phosphorus (7 mg/L) has a gentler shift
from increase to decrease than the lower levels do. The maximum biomass concentration
decreases and the time at which it reaches the maximum decreases as the initial
concentration of P decreases.
Figures 4.18 and 4.19 show the phosphorus concentrations over time. Figure 4.19
shows the lower three levels of phosphorus for better visibility. The higher the initial
phosphorus concentration, the more time it takes to reach the plateau value. That exact
value varies slightly for each P concentration, but there is no discernible pattern to the
variations. The model is reasonably accurate in regards to the relative rate of P usage. For
example, at 0.05 and 0.1 mg/L of P, the phosphorus concentration drops quickly as
expected with such a low initial value.
The sharp change into the asymptote for the biomass and phosphorus predictions
at the lower concentrations of phosphorus is due to the code added to ensure that the
predictions are physically possible (i.e. positive).
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Figure 4.16: Predicted biomass concentrations at differing initial concentrations of
phosphorus.
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Figure 4.17: Predicted biomass concentrations at the three lowest initial concentrations of
phosphorus.
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Figure 4.18: Predicted phosphorus concentrations with varying initial P concentrations.
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Figure 4.19: Predicted phosphorus concentrations at the three lowest initial
concentrations of phosphorus.
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Sensitivity Analysis

By definition, the half saturation constant is the concentration of substrate at
which the specific growth rate is half of the maximum specific growth rate. The algae
will reach their maximum growth capacity quicker and grow at that capacity longer with
a lower half-saturation constant. In other words, the range at which low substrate levels
affect growth increases as the half-saturation constant increases.
The value of KP used was 0.035 µmol/L (Grover, 1989). To test the sensitivity of
the model and its prediction to the half-saturation constant, this value was decreased and
increased by 50% (0.0175 and 0.0525 µmol/L, respectively).
Figures 4.20 to 4.28 display the results for run the sensitivity analysis for the half
saturation constant. For the highest initial concentration of phosphorus (7 mg/L),
increasing and decreasing the half-saturation constant by 50% did not have a large effect.
The figures below show no clear difference between the model outputs. There is only a
very small difference between the actual numbers of the output. Further testing showed
that a minimum increase in the half saturation constant of 10,000% (KP = 3.5*10-6 mol/L)
was required to yield visible changes in the output.
Only graphs of the biomass, phosphorus concentration and TIC are shown. The
rest of the generated graphs are shown in Appendix G.
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Figures 4.20 - 4.22: Running at 50% of the original half saturation constant. (Top left)
Predicted and actual values of biomass concentration; (top right) Predicted and actual
values of TIC; (Bottom) Predicted and actual values of phosphorus concentration.
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Figures 4.23 - 4.25: Running at 100% of the original half saturation constant. (Top left)
Predicted and actual values of biomass concentration; (top right) Predicted and actual
values of TIC; (Bottom) Predicted and actual values of phosphorus concentration.
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Figures 4.26 - 4.28: Running at 150% of the original half saturation constant. (Top left)
Predicted and actual values of biomass concentration; (top right) Predicted and actual
values of TIC; (Bottom) Predicted and actual values of phosphorus concentration.

There are multiple half saturation constants that come into play for this model.
Watson measured the half saturation constants for CO2, HCO3-, and CO32-. The CO32concentration predicted is far lower than the experimental data shows. The sensitivity of
the model to the half saturation constant for CO32- was tested by increasing the value of
KCO3 from 8.7x10-4 to 1.04x10-3 mol/L. This new value was the maximum value
calculated by Watson (2009). Figures 4.29 - 4.36 below show the results.
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The biomass prediction appears to be the same. The CO2 and HCO3concentrations did not visibly change. Most of the other yielded predictions are roughly
the same as the predicted lines with the original KCO3 value. There are no visible
differences between the predictions at KCO3 = 8.7x10-4 and KCO3 = 1.04x10-3 mol/L. It
appears that the half saturation constant for CO32- is not the key parameter that needs
adjustment.

Figures 4.29 - 4.32: When KCO3 is adjusted; (Top left) Predicted and actual biomass
concentration; (Top right) predicted and actual TIC concentration; (Bottom left) predicted
and actual CO2 concentration; (Bottom right) predicted and actual HCO3- concentration.
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Figures 4.33 - 4.36: When KCO3 is adjusted; (Top left) Predicted and actual CO32concentration (Top right) predicted and actual alkalinity; (Bottom left) predicted and
actual pH; (Bottom right) predicted and actual P concentration.
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ADJUSTMENTS TO USER INPUT

This section discusses code that was written to complete the objective of adding
more flexibility to the model through user input.
In this project, the user input added allows the user to choose between using the
default data values from Watson (2009) and from this study or their own values. The user
can choose the initial values, time range, and input their own experimental data.
The ‘menu’ command was used to allow the user the choice between the default
values and their own values as well as the carbon and phosphorus concentrations.
Examples are shown in Figures 4.37 - 4.38.

Figure 4.37: Menu pop-up from MATLAB asking user to choose the data set.
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Figure 4.38: Menu pop-up from MATLAB asking for the initial phosphorus
concentration.
If the user chooses to input their own values, the ‘inputdlg’ command allows them
to specify the initial time and final time in hours. The same command was used to allow
users to input the elemental ratio of the algal species (Figure 4.39). Similarly, a graphic
user interface (GUI) was designed to ease user input of the initial concentrations of
various chemical species (Figure 4.40). As a note, all species entered in the GUI are
specified as needing to be in units of mol/L. These values must be entered properly to
yield accurate results.

Figure 4.39: Example of input dialog box from MATLAB.
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Figure 4.40: GUI figure generated by MATLAB for user input of initial values.

The final option for user input is in the plotting section of the code. If the user has
chosen to enter their own values, they are prompted for the name of an Excel sheet that
contains their experimental values. This way their own experimental data can be plotted.
The difficulty with this is making sure that the Excel sheet is formatted as requested by
the program (Figure 4.41). If it is not, the program will either not yield accurate results or
will yield an error. Also, the Excel file has to be saved in the same folder as the code
itself. The correct format of the sheet is shown below in Figure 4.42.
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Figure 4.41: Warning and required formatting of Excel sheet, as shown in the MATLAB
command window.

Figure 4.42: Example of a properly arranged Excel sheet for this code (first column of
data is the “Time Passed [hr]” column).

SUMMARY

Dynamic algal growth models to predict biomass and carbonate concentrations
were updated. The original models were modified to include phosphorus concentrations
and user input for flexibility. The following statements summarize the analysis.
1) A model for phosphorus utilization was successfully added into the MATLAB model.
2) The initial values for the model were adjusted after accounting for phosphates and
nitrates in the alkalinity measurement. This adjustment made slight improvements on the
accuracy of the previous model in the predictions for TIC, CO32-, and HCO3-. The pH
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prediction was greatly improved. The alkalinity, TIC, biomass, and CO32- concentration
predictions require more adjustments.
3) The biomass concentration was severely under-predicted. This implies that there is a
factor that requires adjustment. It is likely that the low phosphorus usage stems from the
low amount of biomass produced.
4) Despite these successful changes, the model still needs adjustments to improve the
recognition of limitation by all nutrient species. In particular, the carbonate is very underpredicted and the phosphorus predictions are higher than expected.
5) The model successfully predicts that changes occur in the biomass and phosphorus
concentrations depending on the initial phosphorus concentration.
6) The sensitivity analysis showed that within a certain range the half-saturation constant
does not affect the output of the model.
7) Code was added to allow user input without editing the code for each additional set of
data. This allows better flexibility of the MATLAB program.

CONCLUSIONS

Modeling the growth of algae and the change in concentration of various nutrients
is a beneficial tool. Successfully developing a model could aid in design and optimization
of algal bioreactors for nutrient sequestration. A model was previously developed by
Watson (2009) to work towards this goal. This study updated the model to include
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phosphorus as well as carbon, to improve past predictions, and to create a more flexible
and user-friendly code.
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CHAPTER FIVE
REMARKS & RECOMMENDATIONS

Continued research is needed to further explore the impact of phosphorus on algal
growth for carbon sequestration and production of bioproducts. Suggestions include a
handful of experiments in both closed and limited diffusion reactors.
1) The MATLAB model still needs adjustments to improve how MATLAB recognizes
different limiting nutrients and their effects on growth.
2) Additional trials of the closed reactors at all levels of phosphorus should be completed,
while ensuring that they are properly sealed so no CO2 can diffuse in. Then, with this new
set of data, the Lineweaver- Burk transformation should be done to determine the Monod
parameters. At the very least the additional data points will help to provide a better fit for
logistic equation. This would also allow for comparison of the specific growth rate (hr-1)
per reactor to investigate whether the initial phosphorus concentration has any effect.
3) Trials of both limited diffusion and closed reactors should be run at concentrations
between 1 and 7 mg L-1 of P to account for the gap in data. Also, this study focuses on
levels of phosphorus below the normal amount in BG-11 media. More trials should also
be run at concentrations of phosphorus above 7 mg L-1 of P to examine what happens at
high initial concentrations of phosphorus.
4) Analysis of repeated trials of the limited diffusion reactor study should be done in
order to get replicate data for the elemental and protein fraction analyses. This would
permit statistical analysis of the impact of the initial phosphorus concentration on the
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algal biomass composition.
5) Trials of the open reactor runs without a foam stopper should be completed in order to
yield a higher amount of biomass. Then a full biochemical analysis should be run to
determine the percentage of proteins, lipids, and carbohydrates in the biomass. This
would give a better scope for potential uses and impact of adjustment of the initial
phosphorus concentrations by knowing how all biochemical fractions are impacted.
In general, it is strongly advised to use aseptic technique to reduce the troubles
faced in this study with contamination. It would also be recommended to find a more
precise method of measuring phosphorus, or at least running any trials done with the
Stannous Chloride method in duplicate or triplicate. Thirdly, it would be best to test the
light source before inoculation to avoid dramatic differences in the incident light to the
reactor.
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APPENDIX A
MATERIALS & METHODS

Summary of Studies Used in Data Analysis

During data analysis, certain data sets were difficult to analyze due to variations
in the data (especially with the Stannous Chloride Test results) and impacted the accuracy
of the results. To aid in analysis and model development, specific data sets were used
according to whether or not the data could yield a reasonable result. Table A.1 below
summarizes what data set was used for each analysis.

Table A.1: Data used for each analysis as in the Results and Discussion (Ch. 3). O
represents an open reactor, L a reactor with a foam stopper (limited diffusion), and C a
closed reactor.
Discussion
Phosphorus
OD vs. TSS
Statistics on Light &
P
Statistics on Light vs.
P
Yield
C:N:P Ratios
Kinetics
Comparison of
Open/Closed/Foam
Protein Content

Study
All
2

Reactor Type
C, O, L
L

P Conc. [mg/L]
0.05 – 7
0.05 – 7

Reactor
All
All

Time Frame
All
-

2

L

0.05 – 7

All

480-768 hrs

2
2
2
2
1A
1C*

L
L
L
L
C
C

0.05 - 7
0.05 – 1
0.1 mg/L
0.05 - 7
1 mg/L
1 mg/L

All
1-3
2
All
3
3

480-768 hrs
480-768 hrs
24-120 hrs
All
All

A, B, C

C, O, L

1 mg/L

3

All

2

L

0.05 – 7

All

-
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Media Preparation (modified BG-11)

I. Stock Preparation (Modified BG-11)

The mass of stock chemical listed in Column 4 was added to the volume of DI
water in Column 3. Please note that since phosphorus is the independent variable, it has
four different entries.

Table A.2: Preparation information for stock solutions for modified BG-11 media.
Component
Stock Concentration
Vol. H2O
Mass chemical
[g/L]
[mL]
added [g]
NaNO3
15
1000
15
K2HPO4 – Level 1
0.0281
250
0.0070[a]
K2HPO4 – Level 2
0.0562
250
0.0141[a]
K2HPO4 – Level 3
0.5624
250
0.1406
K2HPO4 – Level 4
4[b]
250
1
MgSO4-7H2O
7.5
500
3.75
CaCl2-2H2O
3.6
500
1.8
Citric Acid
0.6
500
0.3
Ferric Ammonium
0.6
500
0.3
Citrate
EDTA
0.1
500
0.05
[c]
Na2CO3
15
500
7.5
[a]
The calculated amounts, 0.007025 and 0.01405 g, respectively, could not be measured
on the analytical balance, as the balance only detects to 1*10-4 g. As such, they were
rounded for repeatability.
[b]
The calculation for P yields 3.937 g/L as the stock concentration, but the decision was
made to round this to 4.0 to match with the original BG-11 recipe.
[c]
Based on Watson et al., 2016, 75% of the original concentration of Na2CO3 should be
used to achieve the maximum growth rate. The original concentration was 0.20 g/L: (0.20
g/L)*(0.75) = 0.15 g/L
The Trace Metal Mix A5 required addition of the following chemicals (masses
given in Column 2) to the same 0.5 L of DI water.
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Table A.3: Preparation information for the Trace Metal Mix A5 for modified BG-11
media.
Chemical
Mass added per 0.5 L H2O [g]
H3BO3
1.43
MnCl2-4H2O
0.905
ZnSO4-7H2O
0.111
Na2MoO4-2H2O
0.195
CuSO4-5H2O
0.0395
Co(NO3)2-6H2O
0.0247
II. Media Preparation (Modified BG-11)

Once the stocks were made, the media itself was made. Each column (Columns 36) represents a different volume of media to be prepared, with the name of each stock
solution (Column 1) and the concentration required in the media (Column 2) in the
corresponding row.

Table A.4: Preparation information for adding stock solutions to media.
Chemical
Required
Vol. of Stock Solution Added [mL] For:
Concentration
4L
1L
0.5 L
0.25 L
[g/L]
media
media
media
media
NaNO3
1.5
400
100
50
25
K2HPO4 – Level 1
0.000281
40
10
5
2.5
K2HPO4 – Level 2
0.000562
40
10
5
2.5
K2HPO4 – Level 3
0.005624
40
10
5
2.5
K2HPO4 – Level 4
0.04
40
10
5
2.5
MgSO4-7H2O
0.075
40
10
5
2.5
CaCl2-2H2O
0.036
40
10
5
2.5
Citric Acid
0.006
40
10
5
2.5
Ferric Ammonium
0.006
40
10
5
2.5
Citrate
EDTA
0.001
40
10
5
2.5
Na2CO3
0.15
40
10
5
2.5
[a]
Trace Metal Mix A5
1 mL
4
1
0.5
0.25
[a]
This is the amount stated on the recipe. 1 mL of the prepared Trace Metal Mix A5 was
added per liter of media made.

164

Agar Plate Preparation
Materials:
•

DifcoTM Agar Noble

•

100x15 mm Petri dishes (7)

•

Fisher Scientific Isotemp stir plate

•

Thermometer

•

Fume hood access

•

250 mL of modified BG-11 media, prepared following Tables A.1-A.3 above

Procedures based on previous procedural experience and DifcoTM information sheet:
-

Heated media to 95˚C.

-

Added 1.5% of volume agar (3.75 g).

-

Stirred in agar until completely dissolved.

-

Cooled solution to 54˚C (between 50-60˚C).

-

Moved solution to fume hood where petri dishes are.

-

Poured still-warm agar up to line in petri dishes (approximately 40-50 mL) per
dish (used 7).

-

Covered with lids and let cool and solidify.

-

Taped dishes shut and put in plastic airtight bag. Stored in refrigerator.
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Spectrophotometer Set-up
-

Turned on spectrophotometer (Thermo Spectronic 20D+) and let it warm up for 1
hour.*

-

Changed wavelength to desired setting (e.g. 750 nm for OD of algal culture, or
690 nm for Stannous Chloride Test).

-

Set transmittance value to zero.

-

Changed mode to Absorbance mode.

-

Inserted blank and set absorbance to zero. (DI water used as blank for OD
measurements; other blanks are described in procedures.)

-

Measured samples.

*Warm-up time generally 15 minutes for spectrophotometers, but the machines available
require 1 hour to warm up.

pH Meter Calibration
Materials:
•

Thermo electron Corporation Orion 2 Star pH Benchtop with VWR Symphony
probe

•

BDH standard buffers (pH 4.01, 7.0, 10.01, distributed by VWR)

Procedures:
-

Poured about 35 mL of each pH buffer (4.01, 7.0, and 10.01) into beakers.

-

Turned on the pH meter and allowed it to warm up.
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-

Placed the probe in the pH 4.01 buffer and stirred. Pressed the calibration key.

-

After the pH icon stopped flashing, the calibration key was pressed a second time.
Removed the probe from the pH 4.01 buffer, rinsed, and then moved to the pH 7.0
buffer.

-

After the pH icon stopped flashing, pressed the calibration key a third time.
Removed the probe from the pH 7.0 buffer, rinsed, and then moved to the pH
10.01 buffer.

-

After the icon stopped flashing, pressed the calibration key a fourth time, and
removed and rinsed the probe.

Inoculation and Experiment Set-Up
Materials:
•

Precultures of S. quadricauda, UTEX culture B 76

•

50 mL centrifuge tubes

•

Pipettes

•

4 Fisher Scientific Isotemp stir plates + stir bars

•

4 glass reactors, each with 4 L of modified BG-11 media (each reactor has
different P level)

•

10 N H2SO4

•

10 N NaOH

•

AscariteII®, 20-30 mesh, 40-50% capacity

•

No. 8 Stoppers
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•

VWR plastic tubing, 1/4” ID, cut long enough to hold the AscariteII®

•

Kimwipes

•

Silicone sealant (GE 100% silicone, white; Premium Silicone Glue, clear)

•

Thermo Spectronic 20D+ spectrophotometer

•

Eppendorf Centrifuge 5702

•

Thermo electron Corporation Orion 2 Star pH Benchtop with VWR Symphony
probe

Procedures:
-

Using the spectrophotometer, measured the OD of each preculture (1 preculture
for each level of P; DI water as blank). Used this value to calculate the volume of
preculture to be centrifuged, using the requirement of 200 mL of 0.2 OD culture,
from Watson et al. (2016) as a guideline. The volumes used for each study
inoculation is shown in Table A.5.
Table A.5: OD values and needed volumes for inoculation.
Study 1A
Study 1B
Study 2
Reactor
OD Volume [mL] OD Volume [mL] OD Volume [mL]
R1
0.078
515
0.130
308
0.174
230
R2
0.070
569
0.078
515
0.115
348
R3
0.084
476
0.112
357
0.109
366
R4
0.087
458
0.092
435
0.123
326

-

Centrifuged 200 mL of sample at a time. Centrifuged Study 1A and 1B inoculums
at 4000 g for 10 minutes and centrifuged Study 2 samples at 4000 g for 15
minutes due to the higher OD.
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-

Measured the pH of the media and adjusted to approximately 10.3, using 10 N
H2SO4 or 10 N NaOH as required.

-

Placed the reactors on the stir plates in a randomized order as followed from left
to right: Reactor 3, Reactor 2, Reactor 4, and Reactor 1. Randomized the numbers
using this site: https://www.random.org/lists. Added stir bars and set plates to
~250-300 rpm.

-

For Study 1A and 1B, added No. 8 stoppers with only one open port. Used
connectors to connect the tubing to that port. Added 12 g of AscariteII® to each
tube with a small piece of Kimwipe to prevent it from falling through. For Study
2, used foam stoppers to allow airflow but decrease the chance of contamination.

-

Added the inoculums and took the initial light and temperature readings.
Stoppered the cultures and allowed to sit for 15-20 minutes before taking the
culture samples to permit full mixing of the inoculum into the media.

-

After taking the samples, sealed the stoppers using silicone sealant.

-

Marked the water level at time zero on tape on the side of the reactor.

Sampling and Measurement Procedures

Materials:
•

Thermo Spectronic 20D+ spectrophotometer

•

Thermometer

•

SPER Scientific 850070; AB. 38283 pyranometer
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•

Thermo electron Corporation Orion 2 Star pH Benchtop with VWR Symphony
probe

•

Mettler Toledo AB204-S Scale

•

Precision Thelco Model 130DM Oven

•

Pipettes

•

Beakers, flasks, and cuvettes

•

Vacuum filtration:
o Vacuum flask (500 mL)
o Pall magnetic funnel
o Filters – 0.2 um pore, 47 mm diameter, Supor® 200 (Sterile) by Pall
Corporation
o Aluminum tins

•

10 N H2SO4

•

0.1 N H2SO4

•

Burette (10 mL) and stand

Sampling Schedule for each Study:

For Study 1A+1B (closed) – Measurements for the OD, light, and temperature taken at
every reading, which was every 12 hours for first 3 days, then every 24 hours after that
(pH was incidentally measured every reading due to the need to decrease the pH before
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storing the P samples). Took the pH and alkalinity measurements every 24 hours. Ran
each duplicate for a total of 8 days.

Study 2 (limited diffusion) – For the first two days, took measurements for the OD, light,
and temperature every 24 hours, then every 48 hours after that. Measured the pH and
alkalinity twice a week. Ran the study for a total of 44 days.

Sampling Procedure

-

The marked water line was checked – if the water line had dropped due to
evaporation, DI water was added back to previous mark before sampling.

-

Read the temperature and light intensity using the thermometer and pyranometer,
respectively. Held the thermometer in the water until the reading was steady (~2530 s). Read the light intensity on the right side of the reactor, at liquid height. The
value was read when the reading steadied.

-

For time points without an alkalinity measurement, 20 mL of sample from each
reactor was taken and placed into 2 10 mL cuvettes for the OD readings. DI water
was used as the blank for OD measurements.

-

After sampling, a new water level line was marked.

-

Once the OD was measured, filtered the 20 mL of sample through the vacuum
filtration system. An aluminum tin and the filter were pre-weighed and weighed
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again after filtration. Placed the tins with wet filters into the oven at 103 °C for 24
hours, and then weighed again.
-

10 mL of the filtered sample had its pH recorded. Using 10 N H2SO4, the pH was
adjusted to less than 2 and stored in the refrigerator at 4°C, as per the storage
methods in Std. Methods 4500-P. These were used later for the Stannous Chloride
Test.

-

For time points with an alkalinity measurement, took 30 mL of sample from each
reactor. Took 20 mL of sample from each reactor and placed into 2 10 mL
cuvettes for the OD readings. Placed the third 10 mL of sample into a beaker.
After the OD measurements, filtered all 30 mL. Stored 10 mL as above for the
Stannous Chloride Test. The other 20 mL were measured for alkalinity (in 2 10
mL volumes), following the procedures below.

Alkalinity Procedure

-

0.1* N H2SO4 was added to a burette. Recorded the initial volume on the burette.

-

Placed the pH probe in the sample. Recorded the initial pH.

-

Added the acid drop by drop to the 10 mL sample. Between drops the solution
was gently swirled to mix it and the pH was measured again.

-

This process was repeated (add, mix, measure) until a pH of 4.5 was reached.

-

Recorded the final volume on the burette when the pH reached 4.5. Used these
numbers to calculate alkalinity as follows.
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𝐴𝐿𝐾 =

𝑉! ∗ 𝑁
𝑉!

Where ALK = alkalinity, mol equ/L
VA = volume of acid added to sample (mL)
VS = volume of sample (mL)
N = normality of the acid titrant (equ/L)
-

Converted the alkalinity value from mol equ/L to mg CaCO3/L by multiplying by
a factor of 50,000 mg CaCO3/mol equ.

*The first two data points (0 and 1) from Study 1A use 0.2 N H2SO4. This was changed
after that to get a more accurate alkalinity reading.

Stannous Chloride Method for Phosphorus Quantification
Materials:
•

Thermo Spectronic 20D+ spectrophotometer

•

5 vials

•

DI water

•

Molybendenate reagent I

•

Stannous chloride reagent I

Procedure from Std. Methods 4500-P D:
Table A.6: Preparation amounts for Stannous Chloride test
Sample Volume
Molyb. Reagent I
Stan. Chl. Reagent I Stan. Chl. Reagent
[mL]
[mL]
[mL]
[drops]
100
4
0.5
10
10
0.4
0.05
1
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-

Turned on spectrophotometer and set up according to instructions on machine
(see above for procedure).

-

Set wavelength to 690 nm.

-

No adjustment was necessary because samples are aqueous. Filtration was
performed to remove the algal cells.

-

Added 10 mL of each sample to tubes (DI water as blank, each other vial has
different levels of P).

-

Added 0.4 mL of molybendenate reagent I to each tube. Mixed well.

-

Added 0.05 mL of stannous chloride reagent I to each tube. Mixed well.

-

Let color develop for 10 minutes. Then set the blank (DI water) and measured
absorbance.

-

Alternated between measuring blank and each sample; recorded absorbance of the
samples.

-

A standard curve (OD vs. P concentration) was constructed and used to calculate
the phosphorus concentration from the OD measurements.

Separation and Sample Preparation

The cultures from Study 2 were used for compositional analysis. Before analysis
it had to be separated from the media.
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Materials:
•

Eppendorf Centrifuge 5702

•

50 mL centrifuge tubes

•

50 mL pipettes

•

DI water

Procedure:
-

Turned off the stir bar on the reactor and left the culture to sit for ~24 hours. After
this, pipetted the culture from the bottom where the biomass had settled into 50
mL centrifuge tubes.

-

Centrifuged samples in 200 mL sets for 20 minutes at 4000 rpm.

-

Combined the pellets into as few tubes as possible.

-

Repeated this sequence for each reactor.

-

Placed the final pellets in the fridge until the next step.

-

Transferred the pellets to aluminum tins (pre-weighed) and placed in an oven at
66 °C.

-

Left in oven ~36 hours.

-

Removed from oven, weighed, and returned to oven for one hour. Reweighed. If
weight reading was stable, moved to next step. Otherwise, repeated this step.

-

Once completely dry, transferred dry biomass to pre-weighed glass vials. The
biomass was crushed to as fine a powder as possible. Weighed the vials with
biomass.
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Analysis of Biomass

Analysis Procedures

The protein content of the biomass was quantified by the Clemson Agricultural
Chemistry Laboratory, which is based on an elemental nitrogen analysis and the nitrogen
to protein conversion factor calculation. The Clemson Agricultural Chemistry
Laboratory, using elemental analysis and Total N by combustion, also determined the
percent of carbon and nitrogen in the biomass and the amount of phosphorus was
determined by standard minerals analysis (ICP).

C:N:P ratio and Molecular Weight Calculation
-

The Clemson Agricultural Chemistry Laboratory determined the percentage of
elements in the biomass.

-

Letting C = % biomass as carbon, N = % biomass as nitrogen, and P = % biomass
as phosphorus, assumed a 100 g sample.

-

A 100 g sample would have C g of carbon, N g of nitrogen, and P grams of
phosphorus.

-

Converted these values to moles by dividing by the molecular weights:
𝐶!"# =

𝐶𝑔
𝑔
12.01 𝑚𝑜𝑙
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𝑁!"# =

𝑃!"# =

𝑁𝑔
𝑔
14.01 𝑚𝑜𝑙

𝑃𝑔
𝑔
30.974 𝑚𝑜𝑙

-

To get whole number values, divided all the values by the smallest value.

-

These are the proportions used as the C:N:P ratio, which also yielded the
empirical formula. For example, if Pmol was the smallest:
𝐶!"# =

𝐶!"#
𝑃!"#

𝑁!"# =

𝑁!"#
𝑃!"#

𝑃!"# =

𝑃!"#
=1
𝑃!"#

→ 𝐶: 𝑁: 𝑃 = 𝐶!"# : 𝑁!"# : 1
-

The following equation format, suitable for algae, was followed:
(𝐶𝐻! 𝑂)!!"# (𝑁𝐻! )!!"# (𝐻! 𝑃𝑂! )!!"#

-

The molecular weight was then as follows:
𝑔
] = (30.04)𝐶!"# + 17.04 𝑁!"# + (98.004)𝑃!"#
𝑚𝑜𝑙

𝑀𝑊 [
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Calibration Curves – OD vs. TSS and OD vs. VSS

One level (Level 3) of phosphorus was chosen to construct a calibration curve
between OD and TSS and OD and VSS. For the closed reactor, it was run for 8 days at
the same conditions listed in previous procedures. The other reactors (one open, one with
a foam stopper) were run 20 days.

Materials:
•

Thermo Spectronic 20D+ spectrophotometer

•

Mettler Toledo AB204-S Scale

•

Precision Thelco Model 130DM Oven

•

Thermolyne 1300 Furnace

•

Vacuum filtration:
o Vacuum flask (500 mL)
o Pall magnetic funnel
o Filters – 0.2 um pore, 47 mm diameter, Supor® 200 (Sterile) by Pall
Corporation
o Aluminum tins

•

Algae culture sample

•

DI Water

•

Beakers

•

Pipettes
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Procedure as per Standard Methods 2540-D and 2540-E (For TSS and VSS respectively):
-

From the culture sample, the following standards were made (20 mL of each):
o 0% Algae (Blank) – 20 mL DI water
o 25% Algae – 5 mL algae, 15 mL DI water
o 50% Algae – 10 mL algae, 10 mL DI water
o 75% Algae – 15 mL algae, 5 mL DI water
o 100% Algae – 20 mL algae

-

Measured and recorded the OD of each standard.

-

Marked aluminum tins with B1, B2, B3 (blanks) or 25, 50, 75, or 100 and
weighed.

-

Determined the weight of the tins and filters together.

-

Filtered 20 mL of sample through the vacuum filtration system. Placed the tins
with wet filters into the oven at 103 °C for 24 hours, and then weighed again.

-

To calculate TSS, used the following equation.
𝑇𝑆𝑆 =

𝐴 − 𝐵 − 𝐶 ∗ 1000
𝑉

Where TSS = total suspended solids, mg/L
A = mass of dry biomass, filter, and tin, g
B = mass of filter and tin, g
C = blank value; calculated by subtracting the mass of the filter and tin from the
mass of dry filter and tin after water was filtered through and dried in the
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oven, g
V = volume of sample filtered, L

-

The corresponding TSS and OD values then were used to create a standard curve
(OD vs. TSS) to calculate TSS from OD measurements.

-

For the VSS determination, placed the same filters in crucibles and weighed
again. Weighed the crucibles on their own beforehand.

-

Placed the crucibles with filters in a 550 °C furnace for 15 minutes. After that,
placed them in a desiccator for 15 minutes, then weighed. Repeated this step until
the weights were more or less consistent (within 4% or 5 mg of each other,
whichever is lower).

-

To calculate VSS, used the following equation:
𝑉𝑆𝑆 =

𝐴 − 𝐵 − 𝐶 ∗ 1000
𝑉

Where VSS = volatile suspended solids, mg/L
A = mass of dry biomass, filter, and crucible, g
B = mass of biomass, filter and crucible after ignition, g
C = blank value; calculated by subtracting the mass of the filter and crucible after
ignition from the mass of filter and crucible before ignition, g
V = volume of sample filtered, L
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APPENDIX B
RAW DATA

CLOSED BATCH REACTORS

The following data were collected during the Closed Reactor Study (Runs 1A, 1B,
and 1C*). The phosphorus levels correspond with the reactor number (lowest
concentration is in Reactor 1, highest is in Reactor 4).
For all runs, the overall trend of OD and TSS is increasing over time (Figures B.1
- B.6), while the light intensity and temperature more or less stayed within a small range
(Figures B.7 – B.11). The biomass concentration for Study 1C* had a clear, even trend,
which was used to determine the specific growth rate for that reactor.
There was a slight decrease in alkalinity at the very beginning of the study, but
after that it remained relatively constant for Studies 1A and 1B (Figures B.12 - B.14)
Study 1C* had a strong decreasing trend in alkalinity. The phosphorus concentration
overall went down, but it is difficult to see due to the variations from error (Figures B.21
– B.26).
The pH had an overall decreasing trend for Study 1A and 1B except for Run 1A,
Reactor 3 (Figures B.15 - B.17). For 1A, Reactor 3 and Study 1C*, the pH increased.
TIC, in a related trend, remained relatively constant for all reactors in Studies 1A and 1B
except for Reactor 3 in Run 1A (Figures B.18 - B.20). Here, the TIC decreased over time,
and Study 1C* showed the same trend. This was the expected trend for closed reactors.

181

The fact that only one followed it was likely due to improper sealing of the reactors
themselves, which would allow CO2 to enter.
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Figure B.1: Optical density readings (750 nm) of the algal cultures over time; closed
reactor, Run 1A.
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Figure B.2: Optical density readings (750 nm) of the algal cultures over time; closed
reactor, Run 1B.
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Figure B.3: Optical density readings (750 nm) of the algal culture over time; closed
reactor, Run 1C*.
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Figure B.4: Biomass concentration as Total Suspended Solids [mg/L] for all algal
cultures for closed reactor, Run 1A.
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Figure B.5: Biomass concentration as Total Suspended Solids [mg/L] for all algal
cultures for closed reactor, Run 1B.
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Figure B.6: Biomass concentration as Total Suspended Solids [mg/L] for the algal culture
for closed reactor Run 1C*.

187

3000

Light Intensity [lux]

2500

2000
Reactor 1

1500

Reactor 2
Reactor 3

1000

Reactor 4

500

0
0

50

100

150

200

250

Time [hr]

Figure B.7: Light intensity [lux] throughout the time of the study; closed reactor, Run 1A.
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Figure B.8: Light intensity [lux] throughout the time of the study; closed reactor, Run 1B.
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Figure B.9: Light intensity [lux] throughout the time of the study; closed reactor, Run
1C*.
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Figure B.10: Temperature [°C] throughout the time of the study; closed reactor, Run 1A.

191

25

Temperature [deg C]

20

15
Reactor 1
Reactor 2
10

Reactor 3
Reactor 4

5

0
0

50

100

150

200

250

Time [hr]

Figure B.11: Temperature [°C] throughout the time of the study; closed reactor, Run 1B.
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Figure B.12: Alkalinity [mg/L as CaCO3] in all algal cultures over time; closed reactor,
Run 1A.
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Figure B.13: Alkalinity [mg/L as CaCO3] in all algal cultures over time; closed reactor,
Run 1B.
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Figure B.14: Alkalinity [mg/L as CaCO3] in the algal culture over time; closed reactor,
Run 1C*.
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Figure B.15: pH of all algal cultures over time; closed reactor, Run 1A.
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Figure B.16: pH of all algal cultures over time; closed reactor, Run 1B.
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Figure B.17: pH of the algal culture over time; closed reactor, Run 1C*.
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Figure B.18: Total Inorganic Carbon concentration [mol/L] of all algal reactors over
time; closed reactor, Run 1A.
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Figure B.19: Total Inorganic Carbon concentration [mol/L] of all algal reactors over
time; closed reactor, Run 1B.
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Figure B.20: Total Inorganic Carbon concentration [mol/L] of the algal reactor over time;
closed reactor, Run 1C*.
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Figure B.21: Absorbance measurements from the Stannous Chloride Test for phosphorus
for all algal cultures over time; closed reactor, Run 1A.
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Figure B.22: Phosphorus concentrations yielded from application of standard curve to
results from the Stannous Chloride Test for all algal cultures over time; closed reactor,
Run 1A.
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Figure B.23: Absorbance measurements from the Stannous Chloride Test for phosphorus
for all algal cultures over time; closed reactor, Run 1B.
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Figure B.24: Phosphorus concentrations yielded from application of standard curve to
results from the Stannous Chloride Test for all algal cultures over time; closed reactor,
Run 1B.
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Figure B.25: Absorbance measurements from the Stannous Chloride Test for phosphorus
over time for all repeated tests; closed reactor, Run 1C*.
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Figure B.26: Phosphorus concentrations yielded from application of standard curve to
results from the Stannous Chloride Test for the algal culture over time; closed reactor,
Run 1C*.

LIMITED DIFFUSION BATCH REACTORS

The following data were collected during the Limited Diffusion Reactor Study
(labeled as Study 2). The phosphorus levels correspond with the reactor number (lowest
concentration is in Reactor 1, highest is in Reactor 4). As a note, there was an error while
taking measurements at 864 hours, which is why that data point is slightly off from the
rest.
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For both runs, the overall trend of OD and TSS is increasing over time (Figures
B.27 & B.28), while the light intensity and temperature more or less stayed within a small
range (Figures B.29 – B.30). There was a slight decrease in alkalinity at the very
beginning of the study, but after that it remained relatively constant (Figure B.31). For
this study, the phosphorus concentration generally decreased (Figures B.34 & B.35).
Although it is much easier to see than in the closed reactors, it is still somewhat difficult
to see the decrease in Reactors 1 and 2 because the initial concentration was so low.
Reactor 4 is a different trend as well, due to the large variations in the data points.
The pH had a sharp decrease at the beginning, and then the pH increased, and
then decreased again at a slower rate (Figure B.32). TIC, in a related trend, started with a
sharp increase, then a decrease, and then increased at a slower rate (Figure B.33). As CO2
was able to enter, the TIC was expected to be replenished and so keep the TIC level
relatively constant. The TIC concentration in this experiment steadied after the initial
drop occurred.
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Figure B.27: Optical density readings (750 nm) of the algal cultures over time; limited
diffusion reactor study.
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Figure B.28: Biomass concentration as Total Suspended Solids [mg/L] for all algal
cultures for limited diffusion reactor study.
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Figure B.29: Light intensity [lux] throughout the time of the study; limited diffusion
reactor study.
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Figure B.30: Temperature [°C] throughout the time of the study; limited diffusion reactor
study.
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Figure B.31: Alkalinity [mg/L as CaCO3] in all algal cultures over time; limited diffusion
reactor study.
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Figure B.32: pH of all algal cultures over time; limited diffusion reactor study.
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Figure B.33: Total Inorganic Carbon concentration [mol/L] of all algal reactors over
time; limited diffusion reactor study.
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Figure B.34: Absorbance measurements from the Stannous Chloride Test for phosphorus
for all algal cultures over time; limited diffusion reactor study.
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Figure B.35: Phosphorus concentrations yielded from application of standard curve to
results from the Stannous Chloride Test for all algal cultures over time; limited diffusion
reactor study.
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APPENDIX C
BIOMASS QUANTIFICATION

CLOSED BATCH REACTORS

Raw Data
The optical density (OD) data were collected during the experiment and were
used as an estimate of growth until the calibration curves were completed. Each reactor
corresponds to a different concentration of phosphorus in the media – Level/Reactor 1 is
the lowest concentration, up to Level/Reactor 4 with the highest. Run 1C* had only one
reactor with the same amount of phosphorus as Reactor 3 in Runs 1A and 1B.
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Figure C.1: Optical density at 750 nm of algal samples grown in closed batch reactors at
different concentrations of phosphorus; Run 1A.
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Figure C.2: Optical density at 750 nm of algal samples grown in closed batch reactors at
different concentrations of phosphorus; Run 1B.
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Figure C.3: Optical density readings (750 nm) of the algal culture over time; closed
reactor, Run 1C*.

The TSS values shown below in Figure C.4, C.5 and C.6 were calculated from the
calibration curves presented later in this appendix.
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Figure C.4: Biomass concentration as Total Suspended Solids [mg/L] of algal samples
grown in closed batch reactors at different concentrations of phosphorus; Run 1A.
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Figure C.5: Biomass concentration as Total Suspended Solids [mg/L] of algal samples
grown in closed batch reactors at different concentrations of phosphorus; Run 1B.
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Figure C.6: Biomass concentration as Total Suspended Solids [mg/L] for the algal culture
for closed reactor Run 1C*.

Calibration Curves
The curves that follow were developed from data of Level 3 of the phosphorus
concentration. The value calculated below is comparable to Watson et al.’s values for the
slope, which range from 8.02*10-4 to 9.93*10-4 [L/mg].
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Figure C.7: Calibration curve relating OD at 750 nm with TSS; closed reactor; prepared
with concentrated biomass samples grown at phosphorus level 3.

LIMITED DIFFUSION BATCH REACTORS

Raw Data
The optical density (OD) data were collected during the experiment and were
used as an estimate until the calibration curves were completed.
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Figure C.8: Optical density at 750 nm of algal samples grown in limited diffusion batch
reactors at different concentrations of phosphorus.
The TSS values shown below in Figure C.9 were calculated from the calibration
curves presented later in this appendix. Since the calibration curves only go through a
TSS concentration of roughly 90 mg/L, the OD was reliably converted to TSS only up to
90 mg/L. This is why the data in Figure C.9 are cut off after a certain TSS concentration.
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Figure C.9: Biomass concentration as Total Suspended Solids [mg/L] of algal samples
grown in limited diffusion batch reactors at different concentrations of phosphorus.

Calibration Curves
The curves that follow were developed from data of Level 3 of the phosphorus
concentration. The value calculated below is comparable to Watson et al.’s values, which
range from 1.29*10-3 to 1.54*10-3 [L/mg].
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Figure C.10: Calibration curve relating OD at 750 nm with TSS; limited diffusion
reactor; prepared with concentrated biomass samples grown at phosphorus level 3.
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APPENDIX D
STANDARD CURVE FOR STANNOUS CHLORIDE TEST

A standard curve was constructed to convert the absorbance readings measured
during the Stannous Chloride test to phosphorus concentrations. This was done by
making a stock solution of 0.5624 g/L K2HPO4 (100 mg/L of P). From there, the
following dilutions were created:

Table D.1: Standard solutions of phosphorus made with corresponding dilutions from the
stock solution.
Concentration
of Standard
[mg/L P]
0
0.01
0.05
0.1
0.5
1
5

Dilution
factor

Absorbance
Replicate 1

Absorbance
Replicate 2

1:10,000
1:2,000
1:1,000
1:200
1:100
1:20

0
0.084
0.068
0.146
0.620
0.682
0.600

0
0.033
0.080
0.144
0.608
1.040
-

The Stannous Chloride test was run on each of the above standards (see Appendix
A for procedures). As the first measurement of absorbances showed that the 5 mg/L P
standard was out of the range for the Stannous Chloride test, it was not replicated. A
standard curve was constructed by graphing the resulting absorbance values (Table D.1)
versus the known phosphorus concentration (from 0-1 mg L-1 of P), as shown in Figure
D.1.
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Figure D.1: Standard curve constructed for the Stannous Chloride method.

The slope was then used to convert the absorbances to phosphorus concentrations.
𝐴 = 1.1763𝐶
𝐶=

𝐴
1.1763
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APPENDIX E
SAMPLING SCHEDULE

Each study had a different sampling schedule. For Study 1A and 1B,
measurements were taken every 12 hours for the first 3 days, and then every 24 hours.
For Study 2, measurements were taken every 24 hours. For the comparison study (A, B,
and C), data were measured every 48 hours. For Study 1C*, data were taken every 24
hours.
Temperature, light, OD, and pH were measured at every time point, and a sample
for phosphorus testing was taken at every time point – this was true for all studies.
Alkalinity was tested every 24 hours in Study 1A, 1B, and 1C*. In Study 2, alkalinity was
tested twice a week. The following tables illustrate when the alkalinity measurement was
taken.
Table E.1: Sampling schedule for Studies 1A, 1B, and 1C*.
Time
[hrs]
0
12
24
36
48
60
72
96
120
144
168
192

Time
ALK
point
0
X
1
2
X
3
4
X
5
6
X
7
X
8
X
9
X
10
X
11
X
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Table E.2: Sampling schedule for Study 2.
Time
[hrs]
0
24
48
96
144
192
240
288
336
384
432
480
528
576
624
672
720
768
816
864
912
960
1008

Time
ALK
point
0
X
1
2
X
3
X
4
5
X
6
7
X
8
9
X
10
11
X
12
13
14
15
16
17
18
19
20
21
22
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X
X
X
X
X
X
X
X

APPENDIX F
MATLAB CODE

Dynamic growth models developed by Watson (2009) were modified in this
study. This appendix displays the code used for the closed reactor model. There are two
files, which Watson called the “model” and “executable” file (2009). The “model file” is
a function that sets up the mass balance equations (MBEs) for the system. The
“executable file” is a program that asks for the initial values and then calls the function.
The function output is entered directly into the ODE solver to yield the numerical
solution.
Important note: the files required for the ‘mydialog’ and “InitialValuesGUI”
functions are not included in this paper. The option for user input will not work without
those two functions in the file path with the program.

Function File with MBEs

This file contains the code used to set up the MBEs. These differential equations
form the system solved by the MATLAB ode23tb function.
function yp = algalModelCarbonateClosed(t,y);
% Code from Watson, 2009; updated in 2017 by C. Laird
%% CONSTANTS
%********************Equilibrium Constants**********************%
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%%Note: Temperatures in Kelvin. K1, K2, K3, and KW are specified
for %%25C, but temperature-dependent relationships may also be
used.
T = 25+273.15;
KH2CO3 = 1.72e-4;
KW = 1E-14;
K1 = 4.73151e-7;
K2 = 4.68813e-11;
K3 = 4645.15;
%K1 = exp(290.9097-(14554.21/T)-(45.0575*log(T)));
%K2 = exp(207.6548-(11843.79/T)-(33.6485*log(T)));
%K3 = 10^((1568.94/T)+0.4134-(0.006737*T));
%******************Carbonate Kinetic Constants******************%
%%Note: Temperatures in Kelvin. %%Note: kplus6 and kminus6 not
used in model simulations. %%Note: kminus may be calculated using
an experimentally-determined %%temperature-dependent relationship
OR using its relationship to K1
kplus = 10^(10.685-(3618/T))*3600; % (1/hr)
kH2CO3 = 10^(13.770-(3699/T))*3600; % (1/hr)
kminus = kplus/K1; % (1/M-hr)
%kminus = %kH2CO3/KH2CO3; % (1/hr)
kplus4 = 10^(13.589-(2887/T))*3600; % (1/M-hr)
kminus4 = 10^(14.88-(5524/T))*3600; % (1/hr)
kplus7 = 1.411e-3 *3600; % (M/hr)
kminus7 = kplus7/KW; % (1/M-hr)
kminus5 = 5e10 * 3600; % (1/M-hr)
kplus5 = kminus5 *K2; % (1/M-hr)
%kplus6 = 3e6 *3600 % (1/M-sec), Eigen, 1964 (I = 1)
%kminus6 = kplus6/K3; % (1/hr)
%******************Carbonate Rate Definitions*******************%
%%Note: rf5 and rr5 not used in model simulations.
rf1 = kplus*y(1);
rr1 = kminus*y(3)*y(4);
rf2 = kplus4*y(1)*y(5);
rr2 = kminus4*y(4);
rf3 = kplus7;
rr3 = kminus7*y(3)*y(5);
rr4 = kminus5*y(2)*y(3);
rf4 = kplus5*y(4);
%rf5 = kplus6*y(4)*y(5);
%rr5 = kminus6*y(2);
%**********TIC-limited Algal Growth Kinetic Constants***********%
% All constants from Watson, 2009, unless otherwise specified
b = 0.00285; % decay coefficient, (1/hr)
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KsCO2 = 4.47e-8; % half-saturation constant for CO2, (mol/L C)
KsHCO3 = 3.88e-4; % half-saturation constant for HCO3, (mol/L C)
KsCO3 = 8.7e-4; % half-saturation constant for CO3,(mol/L C)
KsP = 3.5e-8; % half-saturation constant for P,(mol/L P), from
Grover 1989
MuMax = 0.0726; % maximum specific growth rate,(hr^-1)
%*********Light-Limited Algal Growth Kinetic Constants**********%
Ksl = 45.9*3600; % (micro-E/m^2*hr)
Io = 121*3600; % (micro-E/m^2*hr)
h = 0.2032; % (m)--8 in.
%*******TIC-Limited Algal Growth Stoichiometric Constants*******%
%%Note: Choose Nfactor, Pfactor, Cfactor based on TIC treatment.
Be sure C:N:P ratios are also specified correctly in the demo
file.
% 50% C, Watson 2009
%
Nfactor = 0.947; % (mol N/mol X)
%
Pfactor = 1; % (mol P/mol X)
%
Cfactor = 6.18; % (mol C/mol X)
% 75% C, Watson 2009
Nfactor = 1.25; % (mol N/mol X)
Pfactor = 1; % (mol P/mol X)
Cfactor = 7.67; % (mol C/mol X)
%% CALCULATIONS
%Note: Molecular weight of algae calculated based on C:N:P ratios
and general stoichiometric equation for algal growth
(CH2O)_Cfactor*(NH3)_Nfactor*(H3PO4)_Pfactor
CH2O = Cfactor*(12.0107+(2*1.00794)+15.9994);
NH3 = Nfactor*(14.0067+(3*1.00794));
H3PO4 = Pfactor*((3*1.00794)+30.9738+4*15.9994);
MWalgae = CH2O + NH3 + H3PO4; % (g/mol X)
%*********Light-Limited Algal Growth Kinetic Calculations*******%
TSS = y(7)*MWalgae*1000; % (g/m^3) or (mg/L)
K = 1.97+0.0575*TSS; % (1/m)
I = (Io*(1-exp(-K*(h))))/(K*(h)); % (micro-E/m^2*hr)
%%Note: Photosynthetic oxygen production (p) can be calculated
based %%on Redfield equation, or specified.
p = 0.5* ((212/106*Cfactor)+(4*Nfactor));
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%%Note: H2Ofactors (mol H2O/mol X) and Hfactors (mol H/mol X)
%are calculated based on C:N:P ratios and general stoichiometric
%%equation for algal growth.
H2OfactorCO2 = -Cfactor-(3*Nfactor)+(2*p);
HfactorCO2 = (2*Cfactor)+(3*Nfactor)+2-(2*H2OfactorCO2);
H2OfactorHCO3 = (-Cfactor*2)-(3*Nfactor)+(2*p);
HfactorHCO3 = Cfactor+(3*Nfactor)+3-1-(2*H2OfactorHCO3);
H2OfactorCO3= (-2*Cfactor)-(3*Nfactor)+(2*p);
HfactorCO3 = (2*Cfactor)+(3*Nfactor)+2-(2*H2OfactorCO3);
%******TIC and Light-Limited Algal Specific Growth Rates********%
% P term added on as a complementary substrate
% Light is an inhibitory compound
% All C species are substitutable substrates
if y(9)<0
y(9) = 0;
end

%(y(9)/P_0) < 0

MuCO2 = MuMax*(y(1)/(KsCO2+y(1)))*(I/(Ksl+I))
*((y(9)/(KsP+y(9))));
MuHCO3 = MuMax*(y(4)/(KsHCO3+y(4)))*(KsCO2/(KsCO2+y(1)))
*(I/(Ksl+I))*(y(9)/(KsP+y(9)));
MuCO3 = MuMax*(y(2)/(KsCO3+y(2)))*(KsCO2/(KsCO2+y(1)))
*(I/(Ksl+I))*(y(9)/(KsP+y(9)));
%*****************Nutrient Utilization Rates********************%
%%Note: Nutrient utilization rates calculated based on specific
growth %%rates and stoichiometric relationships.
% y(7) is biomass concentration
% basic equation: nutrient util. = factor * mu * XB
CutilizationCO2 = Cfactor*MuCO2*y(7);
CutilizationHCO3 = Cfactor*MuHCO3*y(7);
CutilizationCO3 = Cfactor*MuCO3*y(7);
HutilizationCO2 = HfactorCO2*MuCO2*y(7);
HutilizationHCO3 = HfactorHCO3*MuHCO3*y(7);
HutilizationCO3 = HfactorCO3*MuCO3*y(7);
% 18 mol of H+ used per 16 mol NO3 used, 1.25 mol N per mol XB
% formed (Nfactor), 1 mol N per mol NO3
HutilizationNO3 =
(18/16)*Nfactor*(MuCO2*y(7)+MuCO3*y(7)+MuHCO3*y(7));
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H2OutilizationCO2 = H2OfactorCO2*MuCO2*y(7);
H2OutilizationHCO3 = H2OfactorHCO3*MuHCO3*y(7);
Putilization = Pfactor*(MuCO2*y(7)+MuCO3*y(7)+MuHCO3*y(7));
% Because P used in all cases, summation used
Nutilization = Nfactor*(MuCO2*y(7)+MuCO3*y(7)+MuHCO3*y(7));
% Because N used in all cases, summation used
%% DIFF. EQNS.
%*******************Differential Equations**********************%
% For a BATCH reactor
%CO2 -- y(1)
CO2_balance = -rf1 +rr1 -rf2 +rr2 -CutilizationCO2;
%CO3 -- y(2)
CO3_balance = -rr4 +rf4 -CutilizationCO3; % +rf5 -rr5;
%H -- y(3)
H_balance = rf1 -rr1 +rf3 -rr3 -rr4 +rf4 -HutilizationCO2 HutilizationHCO3 -HutilizationCO3 –HutilizationNO3;
%HCO3 -- y(4)
HCO3_balance = rf1 -rr1 +rf2 -rr2 +rr4 -rf4 -CutilizationHCO3;
%rf5+rr5;
%OH -- y(5)
OH_balance = -rf2 +rr2 +rf3 -rr3; % -rf5 +rr5;
%H2O -- y(6)
H2O_balance = -rf1 +rr1 -rf3 +rr3 -H2OutilizationCO2 H2OutilizationHCO3; %+rf5-rr5;
%Biomass -- y(7)
XformCO2 = MuCO2*y(7); % [1/hr * mol XB = mol XB/hr]
XformHCO3 = MuHCO3*y(7);
XformCO3 = MuCO3*y(7);
Xdecay = b*y(7);
Xbalance = XformCO2 + XformHCO3+XformCO3 - Xdecay; % [mol XB/hr]
% TIC -- y(8)
CarbonBalance = (CO2_balance + CO3_balance + HCO3_balance);
% Phosphorus -- y(9)
P_balance = - Putilization;
% Nitrogen -- y(10)
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N_balance = - Nutilization;
%**************System of Differential Equations*****************%
yp = [CO2_balance; CO3_balance; H_balance; HCO3_balance;
OH_balance; H2O_balance; Xbalance; CarbonBalance; P_balance;
N_balance];

Program File to Solve the ODEs

The following code is the program that sets up the initial conditions. The initial
values and the function that contains the MBE system are the inputs to the ODE solver.
% Code from Watson, 2009; updated in 2017 by C. Laird
% Housekeeping
clear
clc
close all
type algalModelCarbonateClosed;
%NOTE: THIS FILE SOLVES THE SET OF DIFFERENTIAL EQUATIONS USING
%USER-DEFINED INITIAL CONDITIONS. OUTPUT PLOTS INCLUDE CARBONATE
SPECIES, BIOMASS CONCENTRATION (mg/L), pH, and ALKALINITY.
%*********************Format Chart Axes*************************%
set (0, 'defaultaxesfontsize',25);
set (0, 'defaultaxesfontname','Times');
%% DATA INPUT & INITIAL VALUES
%***********************User Data Input*************************%
% Ask user if they want to use default values or input their own
datachoice = menu('Please choose whether you want to use your own
data or the default values:','Own data','Default values');
if datachoice == 2
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defaultdata1 = menu('Please choose a starting TIC
concentration:','50% TIC','75% TIC');
end
if datachoice == 1
datachoice = 1; % For user input
elseif datachoice == 2 && defaultdata1 == 1
datachoice = 2; % For 50% TIC
else
datachoice = 3; % For 75% TIC
end
%******************Define Initial Conditions********************%
%%Note: Choose initial value vector or input a new one.
%55.5 mol H2O/L H2O --> needed for H2O balance (Watson, 2009)
if datachoice == 1
t0 = inputdlg('Please enter the starting time in hours (0
recommended):');
tfinal = inputdlg('Please enter the final time in hours:');
t0 = str2double(t0{1});
tfinal = str2double(tfinal{1});
else
t0 = 0;
tfinal = 300;
end
if datachoice == 1 % User input
% GUI Input
gui_f = InitialValuesGUI;
waitfor(gui_f)
% Break needed here to retrieve the correct data set and keep
program from running without y0 values
y0 = get(0,'userdata');
elseif datachoice == 2 % 50% C, Watson (2009)
y0 = [2.12227e-8 0.000238123 5.01187e-11 0.000212227
0.000199526 55.5 1.655E-5 0.000450372 0.000229965 0.0176]; %50C2
else % 75% C
datachoice2 = menu('Which 75% C values would you like to
use?','Watson, 2009','Laird, 2017');
if datachoice2 == 1
Plevelchoice = menu('Please choose an initial P
concentration','0.05 mg/L', '0.1 mg/L','1 mg/L','7 mg/L');
% 75% C, Watson (2009)
y0 = [4.43442e-8 0.000497524 5.012e-11 0.00044343
0.000199521 55.5 1.091e-5 0.000940999 0.000229965 0.0176];
if Plevelchoice == 1
y0(9) = 0.05/(30.974*1000);
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elseif Plevelchoice == 2
y0(9) = 0.1/(30.974*1000);
elseif Plevelchoice == 3
y0(9) = 1/(30.974*1000);
else
y0(9) = 0.000229965;
end
else
Plevelchoice = menu('Please choose an initial P
concentration','0.05 mg/L', '0.1 mg/L','1 mg/L','7 mg/L');
if Plevelchoice == 1
% My XB0 value (1A) Level 1
y0 = [1.2997e-7 0.001674333 4.67735e-11 0.00139265
0.000213796 55.5 3.67439e-5 0.003067113 1.61426e-6 0.0176];
elseif Plevelchoice == 2
% My XB0 value (1A) Level 2
y0 = [1.15372e-7 0.001294491 5.01187e-11 0.0011537171
0.000199526 55.5 2.63803e-5 0.002448323 3.22851e-6 0.0176];
elseif Plevelchoice == 3
% My XB0 value (1A) Level 3
y0 = [8.1353e-8 0.001260008 4.2658e-11 0.000955814
0.000234423 55.5 3.48596e-5 0.002215904 3.22851e-5 0.0176];
else
% My XB0 value (1A) Level 4
y0 = [6.74614e-8 0.00075693 5.01187e-11 0.000674614
0.000199526 55.5 3.67439e-5 0.001431612 2.25996e-4 0.0176];
end
end
end

%% CALCULATE PREDICTED VALUES
%*******Simulate the System of Differential Equations***********%
% Predicted model with carbonate ALK
[t,y] = ode23tb(@algalModelCarbonateClosed,[t0 tfinal],y0);
%***********************Other Values***************************%%
% FOR CARBONATE ALK CALCULATIONS ONLY
% Carbonate ALK = [HCO3] + 2*[CO3] + [OH-] - [H+]
% Overall ALK = carbALK + alk_Pfactor*[P]
% Last term accounts for phosphate contribution to ALK, see units
above
carbalk = (y(:,4))+(2*y(:,2)) + y(:,5) - y(:,3);
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% pH = -log10([H+])
pH = -log10(y(:,3));
% TIC = [CO2] + [CO3] + [HCO3]
totalcarbon = (y(:,1)) + (y(:,2)) + (y(:,4));
% Stoichiometry of Biomass
% Depends on what the user chose for input values earlier
if datachoice == 1 % User input
Nfactor = inputdlg('Please enter the mole amount of N in cell
[mol N/mol X]: ');
Nfactor = str2double(Nfactor{1});
Pfactor = inputdlg('Please enter the mole amount of P in cell
[mol P/mol X]: ');
Pfactor = str2double(Pfactor{1});
Cfactor = inputdlg('Please enter the mole amount of C in cell
[mol C/mol X]: ');
Cfactor = str2double(Cfactor{1});
elseif datachoice == 2 % 50% C, Watson (2009)
Nfactor = 0.947; % (mol N/mol X)
Pfactor = 1; % (mol P/mol X)
Cfactor = 6.18; % (mol C/mol X)
else % 75% C, Watson (2009)
Nfactor = 1.25; % (mol N/mol X)
Pfactor = 1; % (mol P/mol X)
Cfactor = 7.67; % (mol C/mol X) % (*0.5) ???
end
% Calculate the molecular weight of the algal biomass
% Formula assumed to be
(CH2O)_Cfactor*(NH3)_Nfactor*(H3PO4)_Pfactor
CH2O = Cfactor*(12.0107+(2*1.00794)+15.9994);
NH3 = Nfactor*(14.0067+(3*1.00794));
H3PO4 = Pfactor*((3*1.00794)+30.9738+(4*15.9994));
MWalgae = CH2O + NH3 + H3PO4; % (g/mol X)
%% %*************Create Formatted Output Plots*****************%
% Select the experimental data
if datachoice == 1 % User input
warning('To use your own data, please make sure your
spreadsheet is formatted in the following way:')
fprintf('Column 1 - Time in Hours\nColumn 2 - Biomass
concentration in mg/L\nColumn 3 - TIC in mol/L\nColumn 4 - Carbon
Dioxide Concentration in mol/L\nColumn 5 - Bicarbonate
Concentration in mol/L\nColumn 6 - Carbonate Concentration in
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mol/L\nColumn 7 - Alkalinity in mol/L\nColumn 8 - pH\nColumn 9 Phosphorus Concentration in mg/L\n')
mydialog
filename = input('Please type the file name of your
spreadsheet, e.g. filename.xlsx (case sensitive, must include the
file extension): ','s');
[ExpData,Text] = xlsread(filename);
elseif datachoice == 2
% Experimental Data Values for Run 2C, 50%C, Watson (2009)
[ExpData, Text] = xlsread('Data for MATLAB.xlsx','MKW50');
else
if datachoice2 == 1
% Experimental Data Values for Run 2C, 75%C, Watson
(2009)
[ExpData, Text] = xlsread('Data for
MATLAB.xlsx','MKW75');
else
if Plevelchoice == 1
% Experimental Data Values for 0.05 mg/L P, 75%C,
Laird (2017)
[ExpData, Text] = xlsread('Data for
MATLAB.xlsx','Level 1');
elseif Plevelchoice == 2
% Experimental Data Values for 0.1 mg/L P, 75%C,
Laird (2017)
[ExpData, Text] = xlsread('Data for
MATLAB.xlsx','Level 2');
elseif Plevelchoice == 3
% Experimental Data Values for 1 mg/L P, 75%C, Laird
(2017)
[ExpData, Text] = xlsread('Data for
MATLAB.xlsx','Level 3');
% 1C*
% [ExpData, Text] = xlsread('Data for
MATLAB.xlsx','1C');
else
% Experimental Data Values for 7 mg/L P, 75%C, Laird
(2017)
[ExpData, Text] = xlsread('Data for
MATLAB.xlsx','Level 4');
end
end
end
% Separate data from Excel into parts, and then remove the NaN
from matrices
Time = ExpData(:,1);
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Time = Time(isfinite(Time));
Biomass_mgperL = ExpData(:,2);
Biomass_mgperL = Biomass_mgperL(isfinite(Biomass_mgperL));
TIC_molperL = ExpData(:,3);
TIC_molperL = TIC_molperL(isfinite(TIC_molperL));
CarbonDioxide = ExpData(:,4);
CarbonDioxide = CarbonDioxide(isfinite(CarbonDioxide));
Bicarbonate = ExpData(:,5);
Bicarbonate = Bicarbonate(isfinite(Bicarbonate));
Carbonate = ExpData(:,6);
Carbonate = Carbonate(isfinite(Carbonate));
Alk_molperL = ExpData(:,7);
Alk_molperL = Alk_molperL(isfinite(Alk_molperL));
pHexperimental = ExpData(:,8);
pHexperimental = pHexperimental(isfinite(pHexperimental));
Pexperimental = ExpData(:,9);
Pexperimental = Pexperimental(isfinite(Pexperimental));
% Pull a data set from P predictions that are close enough to
compare
if datachoice2 == 1
Ppredict(1) = y(1,9)*1000*30.974;
timepredict(1) = 0;
timetime = [0;24;48;72;96;120;144;192];
for i = 2:1:length(Pexperimental)
[c,l] = min(abs(t-timetime(i)));
timepredict(i) = t(l);
Ppredict(i) = y(l,9)*1000*30.974;
end
for j = 1:1:length(Ppredict)
if Ppredict(j)<0
Ppredict(j) = 0;
end
end
else
Ppredict = 0;
end
H = 10.^(-pHexperimental);
OH = 10.^(-(14 - pHexperimental));
K1
K2
a0
a1
a2

=
=
=
=
=

10^(-6.3);
10^(-10.25); % 5.62341E-11;
1./(1+(K1./H)+((K1*K2)./(H.^2)));
1./(1+((H)/K1)+(K2./H));
1./(1+(((H).^2)/(K1*K2))+((H)/K2));
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% = ((mol equ/L)/(g K2HPO4/L))*(MW g K2HPO4/mol K2HPO4)*(1 mol
K2HPO4/1 mol P)*(1 mol/ MW g P)*(1 g/1000 mg)
alk_Pfactor = ((1.83e03)/(0.04))*(39.098*2+1.01+30.974+16*4)/(1000*30.974);
Alk_molperL = Alk_molperL - (alk_Pfactor*Ppredict');
TIC_molperL = (Alk_molperL-(OH)+(H))./(a1+2*a2);
CarbonDioxide = TIC_molperL.*a0;
Bicarbonate = TIC_molperL.*a1;
Carbonate = TIC_molperL.*a2;
% PLOT DATA (to compare the model prediction to the experimental
values)
% BIOMASS
figure(1);
% Convert XB from mol/L to mg/L to fit the experimental data
% MWalgae value calculated above, and 1000 mg = 1 g
plot(t, y(:,7)*MWalgae*1000, '.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
plot(Time, Biomass_mgperL, 'ko','MarkerSize', 10,
'MarkerFaceColor', 'k')
ylim
([0.0,(20+max(max(y(:,7)*1000*MWalgae),max(Biomass_mgperL)))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('Biomass (mol/L)', 'FontSize', 25, 'FontName', 'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 25);
% TIC
figure(2);
plot(t, y(:,8),'-.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
plot(Time, TIC_molperL,'ko','MarkerSize', 10, 'MarkerFaceColor',
'k')
ylim ([0.0,(3*max(max(y(:,8)),max(TIC_molperL)))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('Total Inorganic Carbon (mol/L C)', 'FontSize', 25,
'FontName', 'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
% Carbon Dioxide Concentration
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figure(3);
plot(t, y(:,1), '-.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
plot(Time, CarbonDioxide, 'ko','MarkerSize', 10,
'MarkerFaceColor', 'k')
ylim ([0.0,(4*max(max(y(:,1)),max(CarbonDioxide)))]);
xlim ([0,300]); xlabel('Time (hr)', 'FontSize', 25, 'FontName',
'Times');
ylabel('Carbon Dioxide (mol/L C)', 'FontSize', 25, 'FontName',
'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
% Bicarbonate Concentration
figure(4);
plot(t, y(:,4),'-.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
plot(Time, Bicarbonate, 'ko','MarkerSize', 10, 'MarkerFaceColor',
'k')
ylim ([0.0,(1.5*max(max(y(:,4)),max(Bicarbonate)))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('Bicarbonate (mol/L C)', 'FontSize', 25, 'FontName',
'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize',20);
% Carbonate Concentration
figure(5);
plot(t, y(:,2),'-.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
plot(Time, Carbonate, 'ko','MarkerSize', 10, 'MarkerFaceColor',
'k')
ylim ([0.0,(1.5*max(max(y(:,2)),max(Carbonate)))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('Carbonate (mol/L C)', 'FontSize', 25, 'FontName',
'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
% Alkalinity
figure(6);
plot(t, carbalk, '-.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
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plot(Time, Alk_molperL, 'ko','MarkerSize', 10, 'MarkerFaceColor',
'k')
ylim ([0,(2*max(max(carbalk),max(Alk_molperL)))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('Alkalinity (mol/L)', 'FontSize', 25, 'FontName',
'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
% pH Values
figure(7);
plot(t, pH, '-.','Color',[0.48,0.06,0.89],'LineWidth',3)
hold on
plot(Time, pHexperimental, 'ko','MarkerSize', 10,
'MarkerFaceColor', 'k')
ylim ([9.5,12]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('pH', 'FontSize', 25, 'FontName', 'Times');
h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
% Phosphorus Concentration
figure(8);
% Convert P from mol/L to mg/L to fit experimental data
% MW_P = 30.974 g/mol; 1000 mg = 1 g
plot(t, y(:,9)*30.974*1000, '.','Color',[0.48,0.06,0.89],'LineWidth',3)
%hold on
%plot(Time, Pexperimental, 'ko','MarkerSize', 10,
'MarkerFaceColor', 'k')
ylim ([(1+min(min(y(:,9)*1000*30.974),min(Pexperimental))),(1+max(max(y(:
,9)*1000*30.974,max(Pexperimental))))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('P Concentration [mg/L]', 'FontSize', 25, 'FontName',
'Times');
%h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
h_legend=legend('Model Prediction', 'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
% Nitrogen Concentration
figure(9);
% Convert N from mol/L to g/L
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% MW_N = 14.01 g/mol
plot(t, y(:,10)*14.01, '.','Color',[0.48,0.06,0.89],'LineWidth',3)
%hold on
%plot(Time, Nexperimental, 'ko','MarkerSize', 10,
'MarkerFaceColor', 'k')
ylim ([0,(1+max(y(:,10)*14.01))]);
xlim ([0,300]);
xlabel('Time (hr)', 'FontSize', 25, 'FontName', 'Times');
ylabel('N Concentration [mg/L]', 'FontSize', 25, 'FontName',
'Times');
%h_legend=legend('Model Prediction', 'Experimental Results',
'Location', 'best');
h_legend=legend('Model Prediction', 'Location', 'best');
set(h_legend, 'FontName', 'Times', 'FontSize', 20);
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APPENDIX G
MATLAB GRAPHICAL OUTPUTS

This appendix present the data output by MATLAB. Certain data were discussed
in Chapter 4.

Model Verification Data

This data was calculated from Watson’s initial values at 75% initial C and the
highest level of P (7 mg/L of P). Both the original output and the residuals are included
(Figures G.1 – G.16).

Figures G.1: Predicted and actual values of biomass concentration.
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Figures G.2: Residuals for biomass concentration.

Figures G.3: Predicted and actual values of TIC.
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Figures G.4: Residuals for TIC.

Figures G.5: Predicted and actual values of CO2 concentration.

246

192

6.0E-08

CO2 Residual [mol/L]

4.0E-08
2.0E-08
-1.0E-22
-2.0E-08
-4.0E-08
-6.0E-08
0

24

48

72

96

120

144

Time [hr]

Figures G.6: Residuals for CO2 concentration.

Figures G.7: Predicted and actual values of HCO3-.
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Figures G.8: Residuals for HCO3-.

Figures G.9: Predicted and actual values of CO32- concentration.
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Figures G.10: Residuals for CO32- concentration.

Figures G.11: Predicted and actual values of alkalinity.

249

192

2.0E-03

Alkalinity Residual [mol/L]

1.5E-03
1.0E-03
5.0E-04
0.0E+00
-5.0E-04
-1.0E-03
-1.5E-03
-2.0E-03
0

24

48

72

96

120

Time [hr]

Figures G.12: Residuals for alkalinity.

Figures G.13: Predicted and actual values of pH.
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Figures G.14: Residuals for pH.

Figure G.15: Predicted values of phosphorus concentration.
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Figure G.16: Predicted values of nitrogen concentration.

Model Comparison Data

The data below were produced by MATLAB. They were graphed in Excel to
group the correct sets together for comparison (Figures G.17 – G.26). The data for the
biomass and phosphorus concentrations were presented in Chapter 4. The rest of the data
is shown below to complete the data set. Please note that some of the scales may be
different than in previous outputs.
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Figure G.17: Predicted biomass concentrations at differing initial concentrations of
phosphorus.
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Figure G.18: Predicted biomass concentrations at the three lowest initial concentrations
of phosphorus.
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Figure G.19: Predicted TIC concentrations at differing initial concentrations of
phosphorus.
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Figure G.20: Predicted CO2 concentrations at differing initial concentrations of
phosphorus.
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Figure G.21: Predicted HCO3- concentrations at differing initial concentrations of
phosphorus.
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Figure G.22: Predicted CO32- concentrations at differing initial concentrations of
phosphorus.

255

2.50E-03

Alkalinity [mol/L]

2.00E-03

1.50E-03

Level 1
Level 2

1.00E-03

Level 3
Level 4

5.00E-04

0.00E+00
0

50

100

150

200

250

300

350

Time [hr]

Figure G.23: Predicted alkalinity at differing initial concentrations of phosphorus.
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Figure G.24: Predicted pH at differing initial concentrations of phosphorus.
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Figure G.25: Predicted phosphorus concentrations with varying initial P concentrations.
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Figure G.26: Predicted phosphorus concentrations at the three lowest initial
concentrations of phosphorus.
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Sensitivity Analysis Data

The following data were output from MATLAB during the analysis for sensitivity
to the half-saturation constant for phosphorus (Figures G.27 – G.44) and for carbonate
(Figures G.45 – G.53). The model verification data was also used as the baseline (100%).

50% of the Half Saturation Constant

Figures G.27 - G.30: When KP is at 50%; (Top left) Predicted and actual biomass
concentration; (Top right) predicted and actual TIC concentration; (Bottom left) predicted
and actual CO2 concentration; (Bottom right) predicted and actual HCO3- concentration.
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Figures G.31 - G.35: When KP is at 50%; (Top left) Predicted and actual CO32concentration (Top right) predicted and actual alkalinity; (Middle left) predicted and
actual pH; (Middle right) predicted P concentration; (Bottom) predicted N concentration.
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150% of the Half Saturation Constant

Figures G.36 - G.39: When KP is at 150%; (Top left) Predicted and actual biomass
concentration; (Top right) predicted and actual TIC concentration; (Bottom left) predicted
and actual CO2 concentration; (Bottom right) predicted and actual HCO3- concentration.
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Figures G.40 - G.44: When KP is at 150%; (Top left) Predicted and actual CO32concentration (Top right) predicted and actual alkalinity; (Middle left) predicted and
actual pH; (Middle right) predicted P concentration; (Bottom) predicted N concentration.
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Figures G.45 - G.48: When KCO3 is adjusted; (Top left) Predicted and actual biomass
concentration; (Top right) predicted and actual TIC concentration; (Bottom left) predicted
and actual CO2 concentration; (Bottom right) predicted and actual HCO3- concentration.
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Figures G.49 - G.53: When KCO3 is adjusted; (Top left) Predicted and actual CO32concentration (Top right) predicted and actual alkalinity; (Middle left) predicted and
actual pH; (Middle right) predicted P concentration; (Bottom) predicted N concentration.
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